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FOREWORD

The major theme of this research was to develop process parameter-growth environment-film
property relations for model sputter-deposited transition metal oxides, nitrides, and oxynitrides
grown by reactive sputter deposition at low temperature.

Four PhD and three MS degrees were awarded to students whose theses were based on this
theme. Twenty-one refereed publications, twenty-eight talks at national/international meetings,
and a patent disclosure resulted from this research. If one likes to count, a good case can be made
for the work's success on the basis of numbers.

I, myself, have a different measure of success. How did our work extend the collective
knowledge in the field” What myths did we debunk? What next questions are contained in our
answers? How can our results be used?

In Sec. II of the Report that follows, we address the first three questions by presenting and
discussing important general results. The last question launched us into two new areas of
research: nanolaminates for transformation-toughening coatings, currently supported under US
AKO Grant No. DAAH04-93-G-0238, and self-sealing insulators for corrosion-resistant coatings
(AppendixVIII], which received support under a University of Wisconsin-System Applied
Research Grant .

Much of the “finished” areas in this work involve oxide deposition, with nitrides and
oxynitrides taking a backseat largely due to time constraints. Therefore, the results highlighted in
this Report concern oxide growth and characterization. However, resuits conceming other than
pure oxide systems are sull being evaluated and will eventually be written-up as journal articles.

I thank Robert R. Reeber [US AROJ, George S. Baker (UW-MXE], Wai-Yim Ching (U.
Missouri-Kansas City], Michel E. Marhic {Northwestem U], and Michael Aita [CardioGenesis)
for many fruitful discussions regarding this research; Elzbieta Kolawa and Marc-A.Nicolet for
generously carrying out Rutherford backscattering measurements and analysis, and for providing a

"home"” for  at Caltech during the summers of 1990 and1991.

Carolyn Rubin Aita
Milwaukee, Wisconsin
Septemer, 1993
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I. STATEMENT OF PROBLEM STUDIED

Reactive sputter deposition is extensively used to grow films in which one or
more of the consitituent elements is volatile. The process involves
non-equilibrium growth at a solid surface (substrate) in contact with a low pressure
glow discharge. The growth environment is complex, does not easily lend itself to
even rudimentary in situ discharge diagnostics, and has not been a topic of active
study.  Historically, research was geared to developing process parameter-film
property relations with an eye towards making a film with desired behavior.
Howeve:, even the most detailed parametric study is phenomenological and
machine-specific unless it contains growth environment information.

Tne research we undertook here was a step towards remedying this situation.
We studied the low temperature growth (140-375 OC) of a series of model metal
oxide, nitride, and oxynitride materials systems. We worked towards three general
goals:

1) Relate deposition process parameters to important features of the growth

environment for each model system.

2) Determine the effect of these growth environment features on film phase
formation for each model system.

3) Understand similarities and differences between model systems and
develop general tenets that enable prediction of growth characteristics in
other materials systems.

The experimental program was three-fold: film growth by reactive sputter
deposition, in situ discharge diagnostics, film charcterization. A radio frequency
diode apparatus was used to grow films on Suprasil fused silica, <111>-cut Si, and
carbon foil substrates.  The substrates were not externally heated, but did heat

above room temperature due to contact with the plasma.




The discharge contained a rare gas+ a reactive gas. The targets (cathodes) were

vanadium, niobium, zirconium, yttriura, and gold. As a group, these elements
have a broad range of oxidation and nitridation behavior. Furthermore, the
transition metals form a sequence down column VB of the periodic table and across
the second long period. Therefore, differences in oxide/nitride growth between
materials systems can uiscussed in terms of sequential changes in cation bonding
characteristics.

The following independert process parameters were varied: nominal reactive
gas content, rare gas type, and cathode voltage. Discharge power, substrate
temperature , and growth rate cepend upon combinations of these parameters.

The primary in situ discharge diagnostic technique was optical emission
spectrometry, although mass spectrometry was used as an adjunct source of plasma
chemistry intormation.  The five features at the substrate of most concern here
were the flux and type of a) sputtered atoms, b) sputtered molecules, ¢) reactive gas
species, the temperature, and the growth rate.

Film characterization involved direct methods to determine chemistry, short
range order, long range order, and morphology. Adjunct methods involving
behavior from which structural and chemical information was extracted (e.g.
electrical resistivity, ultraviolet-visible optical absorption, corrosion resistance) were
also used.

Process parameter-growth environment-film property data were combined in a
"phase map" for each materials system [Appendix V].1  Because of its graphic
nature, the phase map is a convenient scientific tool to use to accomplish goal (3)
fi.e. to understand and generalize the data collected under goals (1) and (2)]. In
addition, the phase map has a technological benefit: is an easy way for other
investigators to get information regarding phase formation that is not specitic to a

particular experimental set-up.




II. SUMMARY OF MOST IMPORTANT RESULTS

In keeping with the suggested US ARO guidelines for this Report, results for

specific materials systems already appearing in the semiannual progress reports are
not repeated here. Many specific results are also given in the published work
contained in the Appendices. Here, we highlight three general important results
that best represent the spirit of the work. As mentioned in the Foreword, our effort

went largely into metal-oxygen systems, and consequently, the following

discussion and conclusions concern conditions for metal oxide film growth and

characteristics.

A. Role of metal-oxygen molecuiar flux in oxide growth

A etal target surface spuitered in a rare gas containing a small nominal
amount of C_ getters oxygen (all types) from the discharge. As the nominal gas Op
content is increased, an oxide forms on the target surface, gettering reaches a steady
state, and excess oxygen appears in the discharge available for reaction at the
substrate. The sputtered flux from an oxidized target surface in general2 consists of
metal atoms, M, and metal bonded to oxygen in molecular form(s), collectively
denoted "M-O". Earlier studies suggested that the fraction of total flux sputtered as
molecules was proportional to the M-O bond strength.3-3 However, recent data
show that even molecules with a positive free energy of formation, such as AuO
and AuQO,, are sputtered intact.6

Therefore we felt that the two important features of growth environment
chemistry to be monitored here as a function of process parameter were:

a) the fractional flux of M and M-O speci== to the growth interface, called M
and fM-O respectively where M + fM-O= 1,

b) the availability of oxygen for reaction at the substrate.”




The common effect of these features on phase formation in the transition

metal oxygen-systems studied here is as follows [Appendix V]: 1

1) A large fM-O (small fM) and oxygen available for reaction at the substrate
resulted in high valence oxide growth, e.g. amorphous niobia, crystalline niobia,
crystaliine yttria, crystalline biphasic monochnic+tetragonal zirconia, crystalline
monophasic monoclinic zirconia, amorphous vanadia, and crystalline vanadia.

2) 1) A large fM (small fM-O) and oxygen available for reaction at the substrate
resulted in high valence oxide growth, but with structural disorder, e.g. crystalline
site-disordered yttria, amorphous yttria, crystalline vanadia with contracted
interlayer spacing.

3) A large fM-O but insufficient oxygen at the growth interface resulted in
suboxide growth, e.g. zirconium monoxide, “x-niobia", mixed vanadium
suboxides.

4) A large fM and insufficient oxygen at the substrate resulted in O-doped metal
and suboxide growth, e.g. O-doped yttrium, O-doped niobium, niobium monoxide,
niobium dioxide and mixed vanadium suboxides.

We conclude:

1) Metal-oxygen molecular flux must be taken into account when modelling
oxide growth by reactive sputter deposition.

2) Without exception, growth of well-ordered highest valence oxide films
with bulk structure depends upon a reaction between sputtered metal-oxygen
molecules and oxygen at the substrate.

3) A reaction at the substrate between sputtered metal atoms and oxygen
leads to a disordered structure even though oxidation is complete (e.g. a disordered
nighest valence oxide is grown).

The first conclusion is an extremely important contribution to the "debunking

myths" criterion for measuring research success (see Foreword). Without scientific




basis, the reactive sputter deposition community currently ignores the existence of a
sputtered metal-oxvgen molecular flux, which is actually ofien the majority flux,
and models oxide growth on the basis of a reaction between a sputtered metal
atomic flux and oxygen at the substrate. Our results have shown that this approach
is entirely wrong.

Although metal targets were used in this study, the above conclusions are
relevant for a ceramic oxide target as well. Consider the case of sputter deposition
of zinc oxide from a ZnO target. 8.9 Old results showed target dissociation produced
a mixed Zn+ZnO flux to the substrate. Highly aligned single basal orientation
growth was obtained when the fractional ZnO flux was maximized; and disrupted
when the fractional Zn flux was increased. This result was found even when a
pure O2 discharge was used to provide plenty of oxygen available for reaction at the
substrate. The zinc oxide growth situation is actually analogous to crystalline
site-disordered yttria growth in the present study [Appendix II.B]. 10,11

We decided to test the importance of molecular flux in promoting
crystallographic order with respect to deposition from a binary oxide target and
chose barium titanate (BaTiO3) as the model. The result showed that a highly
oriented <110+001> texture were indeed associated with a large molecular fractional
flux. Crystallographic order deteriorated with increasing atomic Ti and Ba flux,
even through there was sufficient oxygen available for reaction at the substrate

[Appendix VIIJ. 12,13

B. Structural differences in highest valence oxides
1. Conditions for amorphous oxide growth
For several of the inodel systems, we found that large phase fields of
amorphous14 structures were formed under conditions also associated with the

best-ordered crystalline growth (a large fM-Oand oxygen available for reaction at
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the substrate). These systeins are ones in which there is “structural complexity” in
the corresponding bulk oxides. By structural complexity, we mean either: 15 1) the
cation forms mixed valence compounds so that a vernier or infinitcly adaptive
physical structure accomodates electronic changes associated with changing
stoichiometry; 2) structural flexibilitv in metal-oxygen bonding giving rise to
polymorphs with the same chemistry ard very similar free energies of formation.

Bulk niobium oxides have both types of structural complexity and bulk
vanadium oxides have the first type. Therefore, it is not surprising that large phase
fields of amorphous niobia and vanadia form under the growth conditions of unity
fM-O and available oxygen.

The bulk zirconium-oxygen and yttrium-oxygen systems do not have
structural complexity.  However, recently16 sputter deposition was used to grow a
continuous series of crystalline yttrium suboxide films based on an orthorhombic
structure with adjustable lattice parameters depending upon the amount of O
sublattice vacancies. In our study, no amorphous phases were formed in the
zirconium-oxygen and yttrium-oxygen systems under growth conditions of a large
fM-O 4 available oxygen. However, amorphous yttria was produced under unusual
conditions for highest valerce oxide growth: a large flux of Y atoms to the
substrate+available oxygen. Keeping in mind the adjustable orthorhombic
structure mentioned above, it is possible that nuclei of these suboxides initally form
during growth of amorphous yttria and are subsequently oxidized to preduce
stoichiometric yttria but without the large atomic motion required for long range

order (crystallization) able to occur.

2. Amorphous versus crystalline growth of the same metal oxide: the role of
substrate temperature and growth rate.

In the case of riobia and vanadia, both amorphous and crystalline




stoichiometric oxides were formed under the conditions of a large fM-O and oxygen

available for reaction at the substrate. The crystalline form replaced the amorphous
one as the gas Oj content and the cathode voltage were increased.

These results can be understood by considering the effect of both substrate
temperature and growth rate [e.g. Fig. 1 of Appendix V]. A lower arrival (hence,
growth) rate and a higher temperature promote¢ .rystallinity via increased surface
diffusion before the next monolayer of flux arrives to quench adatom motion, a

trend expected from growth by evaporation studies.”

C. Using fundamental optical edge features to probe
short-range structural disorder in vanadia, zirconia, and yttria

All of the metals in this study [including gold ‘Appendix VI)] bond to oxygen
via metal (n-1)d and ns electron interactions with C ip electrons.  Vanadia, niobia,
yttria, and zirconia are wide band gap semiconductors. The lower part of the
conduction band in these oxides consists of two split-off subbands formed from
empty (n-1)d electron states. These subbands fill in the visible-ultraviolet spectrai
region, thereby lending themselves nicely to conventional UV-vis
spectrophotometry analysis.

The question is: what «ind of information can be obtained? Disruptions in
short-range order (nearest and next-nearest neighbor involvement) cause changes
in the crystal field around the metal (cation). As is characteristic for d electrons, the
charge density redistribution coincidental with short-range order disturbances
rema’‘ns fairly locallized at the site of the cation. Here, we used near UV-visible
spectrophotometry as a sensitive probe of short-range disorder, even in crystalline
films for which x-ray diffraction data showed long-range oraer indistinguishable
from bulk material, i.e. no gross defects in the crystal "skeleton" (lattice) were

detected.




The major procedural problem involved determining what the fundamental

optical absorption edge of a well-ordered specimen of these oxides should look iike
In all cases, there were no standard transmission spectra or even definitive
theoretical band structure calculations from which we could deduce optical features.
We relied heavily on existing (and often conflicting) theory, on published bulk
ceramic reflectivity spectra, and on spectra from films grown as a part of this study
that were believed to represent well-ordered crystals. Three main results obtained
from spectrophometry of several oxides are given next.

1. Zirconia: Monoclinic zirconia (m-ZrO3] is the only bulk zirconium oxide at
STP. However, a high temperature tetragonal polymorph [t-ZrO3] formed in
addition to m-ZrO7 under some conditions in sputter deposited films.18 The
absorption edge of films of m-ZrOj and biphasic m+t-ZrO9 was studied and related
to band structure calculations for each polymorph [Appendix 1. A&B). 11,2920 The
fact that single-{111} orientation m-ZrOj could be produced allowed easy
spectrophotometric analysis of this material without internal scattering from
{111-111) twin boundaries prevalent in bulk material. An initial indirect transition
across the energy band gap of m-ZrO; at 4.70 eV and two direct transitions at 5.17
and 5.93 eV were identified and associated with two split-off Zr 4d subbands.

2. Yttria: Yttria with a bec bixbyite structure is the only bulk yttrium oxide at
STP. The 80-atom unit cell has a distorted fluorite structure with vacancies on 1/4
of the anionic sites. Y occupies two structurally nonequivalent but chemically
equivalent sites within the unit cell: Y second-nearest neighbors are different at
each type of site. The fundamental optical Absorption edge was found to consist of
two direct interband transitions, at 5.07 and 5.73 eV [Appendices I1.B &V). 1,10,11
This edge structure resulted from two split-off Y 4d subbands at the bottom of the
yttria conduction bard and was "sharp” in well-ordered yttria {see Appendix V, Fig.

9]. However, there were also crystalline yttria films in which the distinction




between subbands was obscured, denoted “"smeared edge”[see Appendix V, Fig. 10},
similar to that found in amorphous yttria [Appendix II A,B, &C}.10,21,22 The
proposed reason for edge smearing was Y atom site-disorder (affecting the Y
next-nearest neighbor environment as described above) which created additional
electronic states within the energy gap between the subbands.

3. Vanadia: We refined the optical absorption edge picture to include a
structure at energy higher than the band gap, identifyable with two split-off 3d
subbands [Appendix II1.C]. 23,24 We showed that the subband was dependent upon
V nearest neighbor environment only, in particular that V be in distorted
octahedral coordination with six O, as in the bulk material, but was independent of
long range order.

These examples demonstrate the influence of d electron behavior (i.e. local
chemistry around a cation; i.e., short-range structural order) on fundamental optical
absorption edge characteristics. It is important to understand the connection, since
interest in these oxides as optical materials lies in their near ultraviolet-visible

spectral behavior, which we know how to control.
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Near-band gap optical behavior of sputter deposited a- and a + 3-2rO, films

. Chee-Kin Kwok and Caroiyn Rubin Aita
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(Received 27 February 1989; accepted for publication 24 May 1989)

The functional dependence of the optical absorption coefficient on photon energy in the 4.9~
6.5 eV range was determined for a- and a + 8-ZrO, films grown by reactive sputter deposition
on fused silica. Two allowed direct interband transitions in a-ZrO, were identified. with
energies equal 10 5.20 and 5.79 eV. Modification of these transitions in a + B-ZrO, is reported.

Monaoclinic a-ZrO, is the only stable form: for an inf-
nite-size ZrO, crystal at standard temperature and pressure.
However, it 1s well known” * that when the crystallite size is
small, -ZrO, and one of its high-temperature polyinorphs,
tetragonal 4-ZrO., coexist. B-ZrO, in the composite is not a
metastable phase nor the result of stabilization by impurities.
It is a consequence of the dominance of the surface energy
contribution to the Gibbs free energy of formation when the

2756 J Appl Phys 88 (6). 15 September 196
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crystallite surface area-to-volume ratio exceeds a critical val-
ue.!

We previously reported” that phase transition from a-
Zr - a-ZrO, in the sputter-deposited Zr-O system involves
the formation of @ + B-ZrQO, structures. The shape of the
fundamental optical absorption edge was found to be differ-
en. for films that contain a 8-ZrQO, component compared to
films that are single-phase a-ZrO,. The functional depen-
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dence of the absorption coefficient a on the incident photon
energy Avis reported here. Two optical transitions across the
band gap of a-ZrO, are identified. Modiiication of these
transitions in a + B-ZrO, films 1s reported.

Films were grown on Supers:1 11 fused silica in a hot-oil
pumped rf diode sputter deposition system using a 13-cm-
diam, 99.8% pure Zr target and discharges containing 2%
O, :n arare gas, Ne (film A), Ar (film B), or Kr (ilm C).
The discharge was operated at a cathode voltageof - 1.3kV
(p-p) and a total pressure of 1 x 10 ° Torr. Further details
of the deposition process are given in Ref. 6, as well as a
discussiow. of the changes 1n growth cnvironment and target
owudation state that accompany a change in rare gas type.

Film thickness was measured post-deposition from a
masked step using a profilometer. Growth rate was calculat-
ed from this measurement. Crystaiiography was determined
by double-angle x-ray diffracuon ( XRD) using unresolved
1 5418-A CuKa radiation. Calibration was done using the
{1011} peak of an a-quartz standard at 20 = 2.66 + 002",
with a full width at half maximum (FWHM) ntensity of
0.1¥8.

A Perkin-Elmer Model 330 UV-Visible-NIR double-
beam spectrophotometer with a specular reflection attach-
ment was used to measure the transmittance T and 1eflec-
tance R of 0.15-0.25 um (6549 eV) near-normal
incidence radiation at room temperature in faboratory air.
For a film of thickness x, a is related to Fand R,

T={(l - Ry exp{ —ax)}/[l - R exp( — 2ax)]. (1)

Film thickness and growth rate are recorded in Table 1.
The major XRD peaks are shownin Fig | No adjustment in
intensity was made for thickness difference between sam-
ples. The XRD pattern of Fillm A consists of a single peak at
26 = 28 1" attributed to {111} @-ZrO, planes.* The pattern
of Film B consists of a peak at 28 = 28 2" attributed to { 111}
a-ZrO. planes, and a broad asymmetric peak attributed to
{111} B-ZrO. planes at 20 = 30.3*and {111} @-ZrO, planes
at 26 = 31 6’ The pattern of Film C has a third peak, attrib-
uted to five sets of closely spaced a- and B-ZrO, planes
whase indices are given in Fig. 1. The «loping baseline on all
patterns was caused by diffraction from the microcrystallites
of the fused sthica substrate.

High-resolution patterns were taken of the {111} a-
2r0. peak of all ilms and the FWHM was used to calculate
the mimimum dimension d of a {111 }-onented a-ZrO. crys-
tallite 1n a direction perpendicular to the substrate, after sep-
arating out the instrument contribution to pcak broaden-
ing.” Values of 4 are recorded in Table I. Calculations* based

TABLE | Film thickness (x), growth rate (7}, minsmum crystallste diame-
ter {d). and the energy of two optical tranaitions (£, and £.} 1n a- and
a + F-ZrO, films sputter deposited on fused sihca.

x r d E, E,
Film Gas (kA)* (A/miny*  (A) (eV) (eV)
A Ne2%O, 104+02 15643 126 $20 $79
B Ar2%MC,  24+04 746 88 514
C  Kr2%0, 13):+03 S1 ¢S 0 si12
* 2 10%
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FIG 1 Xeray difftuction patterns for a-ZrQ . (film A) avd o o 200,
thims B and C) sputter deposited on fused silica

on a balance between the surface and volume contnbutions
1o the Gibbs free energy of formation of the a and 3 phases
predict a crystallite diameter of 306 A at which the two
phases coexist. The value obtained from our experimental
data s ~ 0.3 of the predicted value.

Figure 2 shows « as a function of Av. For all films, the
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F'G 2 The absorpion vocflivient as s function of incident photon energy
fora-ZrO).and a + B-2r0). films sputter deponited on fused silica The sol-
d curves represent Eqs (2) and (1) apphied to film A
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dependence of a on Av is logarithmic at the onset of absorp-
tion. The inverse slope of the exponential increase of a with
hv is on the order of kT ' for many crystailine semiconduc-
tors and insulators.”'" Here, d(in a)/d(hv) is equal to (2.5
kT) 'forfiim A, (4.6kT) 'forfilmB,and (3.6kT) 'for
film C.

For film A, the dependence of a on /v takes the form

a =C (hv - E)) (2)
between v = 5.28-5.64 ¢V, and
a’ =C,(hv - E,) (3

betweern hv = 5.90-6.37 eV. For films B and C, the depen-
dence of @ on hv initially follows Eq. (2). However, a satu-
rates with increasing Av. The higher energy optical transi-
tion that occurs in Film A given by Eq. (3) does not occurin
films B and C. Figure 3 shows a" as a function of Av. E, and
E. were obtamed from the value of hvat whicha = Oand are
recorded in Table 1.

From the functional dependence of @ on Av for film A,
we identify here, for the first time, two aliowed direct inter-
bard transitions’ that occur in @-ZrO.. The energies of the
transitions, £, and E., are 5.20 and 5.79 eV, respectively.
Band calculations for a-ZrO. have yet to be carried out.
Therefore, we cannot yet associate these optical transitions
with specific electronic transitions. The coexistence of a-
and B-ZrO., phases resulits in the following modifications:
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{ 1) elimination of the high-energy transition: (2) a shift of
E,to'owerenergy (5.20eV forfilm Ato 5. 14eV for film B to
5.12 ¢V for film C); and (3) ultimately, a decrease in the
vaiue of @ over the entire absorption edge. The reasons for
these modifications in terms of changes in short-range Zr-O
order will be the subject of future research.
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Indirectband gap in a-ZrO,

Chee-Kin Kwok and Carolyn Rubin Aita®

Materials Department and the Laboratory fi ~ Surface S:udies. University of Wisconsin-Milwaukee,

Miluaukee, Wisconsin $3201

(Received 13 December 1989; accepted 17 February 1990)

Measur.ments of the absorption ccefficient on the fundamental optical absorption edge of
a-2r0O, show that an indirect interband transition at 4.70 eV precedes two previously reported
direct transitions. This result is in agreement with recent theoretical calculations of the a-ZrO,

band structure

For three decades, there have been reports of the position of
the fundamental opuical absorption edge of polycrystalline
bulk and thin film a-ZrQ,."® With one exception,” all in-
vestigators agree that the edge is near 5 evV. However, only
recently have features on the edge been investigated and two
direct interband transitions identified.'®!! Here, we extend
our previous work ' to identify an indirect interband transi-
tion at lower energy.

The matenal studied here is in the form of a thia film
grown on fused silica by sputter deposition from a 12.7-cm
diam Zr target using a rf excited Ar-20% O, discharge oper-
ated at — 1.9 kV cathode voltage. The deposition was car-
ried out 1 the manner previously descnibed in a process pa-
rameter-growth environue..: Glm property study of the
Zr-Osystem.” The crystal structure was determined from x-
ray diffraction 1o be monoclinic a-ZrO, with {117} planes
onented paralle! to the substrate. The minimum crystallite
dimension 1 a direction perpendicular to the substrate, de-
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5.0 5.6 6,2
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Fit, 1 The absorption coefficient a ax a function of incident photon energy
£ for sputter deponited a-ZrQ)  The data enclosed within the bos are of the
functional form o~ - C(E - £, as shownon Fig 2. indicative of an

indirec L interband transinon at energy £
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termined from the {111} diffraction peak half-width using
the Scherre  quation,'? is 16 nm. This value is larger than
the critical value, 13 nm, at which we observe growth of
solely the monoclinic @ phase in sputter deposited ZrO,
films.'®

Double-beam spectrophotometry was used > measure the
transmittance T and reflectance R of near-normal incidence
radiation in the 0.19-0.80 um spectral region (6.53-1.53
eV). An aluminum mirror was used as the reflectance stan-
dard. The absorption coefficient a was calculated from the
relationship:"’

T=[((1-R)Yexp(—ax)][(1 - RNexp( —2ax)],
n
where x is the film thickness, 1.2 kA.

Figure 1 shows a versus incident photon energy £. The
data enclosed within the box in Fig. 1 have the functional
form a'? = C,(E ~ E,), as shown in Fig. 2. The straight
line shown in Fig. 2 is the best fit through the data points.
The functionality of a versus £ is indicative of an indirect

120

-1/2)

s 100

1/2 (c

80

49 5.0
ENERGY (eV)
FiG 2 @ "vs £ for 4900 E $S06 The straight line s the best it through

the data and when extrapotated to a = O yields £ = 4 70 ¢V, the indirect
band gap of @-2r0O.
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interband transition that occurs at energy E, = 4.70 eV, de-
termined by extrapolation of the straight line through the
datatoa =0.C, = 355 (cm' “eV) ™"

The behavior of ¥ versus E for E < ~ 5.3 eV observed here
is the same as previously reported'” for a-ZrO. sputter de-
posited in Ne-2% O, at — 1.3 kV cathode voltage and will
not be discussed in detail. In bnef. the dependence ofaon £
takes the form of @* = C,(E - E,) for E> ~5.3 eV and
a*=C,(E—E,)for E> ~6.0eV. E, and E, are the ener-
gies of two direct interband transitions, determined by extra-
polation of a graph a* versus £ to @ = 0 in each region. E,
and E, areequal to 5.20 and 5.95 eV, respectively, in reason-
able agreement with the previousiy reported results, 5.20
and 5.79eV. C, and C, areequalto 1.5 x 10'" and 3.3 x 10"
{cm” eV) ', respectively.

A recent theoretical determination of the band stiucture
of a-ZrO, by Zandiehnadem et al.'* predicts an indirect gap
at 4.51 eV, close to our experimental result of 4.70 eV. In
terms of the Brillouin zone symmetry lines for the mono-
clinic lattice, the transition across the indirect gap is from a
point along I at the top of the valence band to a point along
the BD axis at the bottom of the conduction band. Further-
more. the joiat density of states is double peaked near the
absorption edge. consistent with the two direct near-edge
transitions observed here.
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In this study, a Y target was sputtered in radio frequency (rf)-excited, rare gas discharges (Ne,
Ar) contaiming 0% —40% O, . operated at cathode voltage from — 1.0to — 1.7kV. Insitu optical
€mIss1on spectrometry was used to monitor two neutral excited Y atom transitions (4 = 0.6191,
0.6793 um) and an excited O atom transition (4 = 0.7774 um) as a function of changing process
parameter. Films were grown on fused SiO, substrates, and their crystallography, optical
behavior, and electncal resistivity was determined. A “phase diagram™ for Y-O not grown under
conditions of equilibnum thermodynamics was constructed, and included hexagonal Y, cubic
Y.,0., and Y and Y, 0, that had no long range crystallographic order. Two direct optical
transitions across the energy band gap of cubic Y.O,, at 5.07 and 5.73 eV, were identified.
Combining discharge diagnostics, growth rate, and film property results, it was concluded that
Y, 0, was formed at the substrate concurrent with the complete oxidation of the target surface.
Even after target oxidation, the discharge contained atomic Y. On the basis of fundamental
optical absorption edge charactenstics, cubic Y, O, that more closely resembled the bulk matenial

was obtained when the Y-oxide molecule/Y atom flux to the substrate was high.

1. INTRODUCTION

The purpose of this study 18 to Ny estigate process parameter-
growth environment-hlm property relationships for the re-
active sputter deposited Y -O materntals system. Films were
preparcd by sputtening a Y target using O, -beaning dis-
charges. The transition from Y to Y. O growth was studied
as a funchion of three process parameters: (1) the cathode
voltage. (2) the O, content of the sputtering gas, and (3 the
type of rare gas used in conjunction with O .. These param-
eters can he independently vaned, and combined, they deter-
mine other important parameters such as discharge power
and growth rate

The experimental program ancluded optical emission
spectrometry for 7 situ discharge diagnostics. Two optical
transitions of the neutral Y atom from a low-lying excited
state to the ground state were used to monitor the Y atomie
population in the discharge as a function of changing process
parameter In addinon, an optical transition of the neutral O
atom was used to monnor target surface oudation. The ilm
properties that were investigated are crystallography, vis-
ble near-ultraviolet optical behavior, and electncal resistiv-
ity

Thin Rlm yttra s of interest as a capacttor material and
although there have beenonly a few reports ofits fabnication,
these reports cover o wide vanety of techniques including
post deposition oudation of Y bl physical vapor and
mductively coupled plasmadepositionusing a Y () powder
source,” " and rf- and 1on-beam sputter deposition from a
Y. O, target 77 Reactive sputter deposition using a metal
target and an (). -bearing discharge is an important method
for near room temperature metal oude film growth We
hope that the results presented helow witt enable other inves.
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tigators to reproducibly grow yttria films with desired prop-
erties by this method.

il. EXPERIMENTAL PROCEDURE

Films were grown in a radio frequency (rf) diode sputter
deposition apparatus. A 13 cm diameter 99.8% Y target was
thermally bonded to a water-cooled Cu cathode. Supersil
fused silica substrates were placed on a water-cooled Y -coat-
ed Cu pallet covering the anode. The anode—cathode spacing
was 7 cm.

The chamber was evacuated to <5 x 10 " Torr with a
liquid N, -trapped, hot Si-hase o1l diffusion pump and back-
filled with the sputtening gas to a total pressure of 1 < 10
Torr. The sputtering gas consisted of a rare gas, Ne
(99.996% ) or Ar (99.999% ), containing from 0% to 40%
0O, (9999%). Each component was separatcly admitted
into the chamber using an MKS Instruments Baratron Se-
ries 260 pressure/flow control system.

Two presputters preceded each deposttion. The first pre-
sputter was carried out in pure rare gas for 30 min, and 15
purpose was to remove the onide layer that had formed on
the target surface upon exposure to air. The second presput-
ter was carried out 1n the rare gasn—(), mixture used to depo-
st the film and ity purpose was to allow ime for discharge
and target surface reactions to reach dynamic equilibrium.
The movable shutter that covered the substrates was then
removed and the films were deposited according to the con-
ditions hsted in Table 1. Values of cathode voltage from

FLOto  [.TkV peak-to-peak were used. The anode was
kept at ground potential,

A model HRI20 Instruments SA optical spectrometer
with 1200 and 24X groove/mm holographic gratings capa-

¢ 1990 American Vacuum Society 1330
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TasLe I. Deposition parameters, film thickness, growth rate, and resisuvity of Y and Y, 0 films sputter deposited on fused $1O,

Rare V. Power X G 2"
Film gas %0, (- kV) (W) (107 nm) (nm/min) (sl cm)
1 Ar 0 V7 Mo 257+«07 320+09 154 + 19
2 Ar 2 17 30 W2+06 24+ 07 2411 + 74
3 Ar 4 17 670 49+ 06 53.07 ne
4 Ar 0 1s 80 65+013 284 - 12 196 + 13
b} Ac 2 1S 150 120+ 04 286 + 09 Jod + &4
6 Ar 4 1.5 600 3J3+02 $0+01 nc
7 Ar 20 13 620 17+01 45013 nc
] Ar 0 13 170 $5+01 211+ 058 200+ 8
9 Ar 2 13 %0 22+ 02 424+04 nc
10 Ar 20 13 400 19+02 12+03 nc
11 Ar 40 13 400 24 +02 28403 nc
12 Ne 0 17 l60 122+07 101 +00 248 + 22
13 Ne 2 17 450 14+02 20+ 013 ac
i4 Ne 4 17 46l) 16 +0]) 18+01 nc
15 Ne 20 17 630 17+01% 22 +01 nc
16 Ne 0 1s 290 $9+04 74.058 193 + 19
17 Ne 2 15 408 12+01 20«01 nc
3] Ne 4 (s 405 21« 04 23+058 nc
19 Ne 20 [ 150 12+01 20+ 02 nc
20 Ne 40 15 $80 18+01 2202 nc
21 Ne 0 13 180 19+02 91+01 503 + 40
b3] Ne 2 13 270 10403 17:08 nc
23 Ne 20 1.3 330 11 +01 18+02 nc
23 Ne 40 i3 430 15+02 2403 nc
28 Ne 20 {10 170 144+02 12+02 ne
26 Ne 40 I0 190 14+02 12+02 nc

plorbutk Y ST uflem.

ble 0of 0.05 nm resolution was used for i sicw optical emission
diagnostics of the discharge. Radiation emitted from the re-
g1on between the anode and cathode was sampled as a func-
tion of wavelength through an optical window with a trans-.
mission cutoff of 0.32 um. The window was shuttered when
not n use, and was also penodically removed from the
chamber and its transmission charactenstics were checked
by spectrophotometry to momtor and correct for intensity
changes caused by coating with sputtered flux in the course
of the expeniment.

The emission intensity /(Y®) from two optical transitions
of the neutral Y atom, at 4 = 0.6191 and 0.6793 um,'® was
monitored. The lower level of the transitions is the Y atom
ground state Y. The glow discharges studied here are not in
thermal equilibrium. Therefore, the number of atoms at the
upper and lower levels of the transition, n(Y*) and n(Y®)
respectively, are not directly related through the statistical
weight of each level and the Boltzmanr factor. However, if
the discharge is optically thin,'” changes in a(Y?®) are di-
rectly proportional to changes in /(Y*) and can be used to
estimate changes in 1(Y®)."' Emission from neutral atomic
0,4 = 0.7774 um, was used to detect the presence of oxygen
in the discharge.'?

Film thickness x was measured postdeposition witha Ten-
cor Alpha-Step 200 model profilometer. The growth rate, G,
was determined from this measurement. Electrical resistiv-
ity p was measured using a four-point probe. Crystaliogra-
phy was determined by double-angle x-ray diffraction
(XRD) using Cu Ka radiation (A =0.154 18 nm). Peak

position (28), relative intensity, and full width at one-half of
the maximum intensity (FWHM) were determined. The
diffractometer was calibrated using the (01.1) diffraction
peak of a quartz standard at 28 = 26.66 + 0.02°, whose
width 1s 0.18°. Rutherford backscattering spectroscopy
(RBS) was carried out on selected films to determine the
relative atomic concentration of Y and O. 2 MeV He ' *ions
were used as the bombarding species.

A Perkin-Elmer Model 330 UV-visible-IR double beam
spectrophotometer with a specular reflection attachment
was used to determine the transmittance T and reflectance R
of near-normal incident radiation. Measurements were
made in laboratory air at room temperature. The absorption
coefficient @ was calculated from'’

T=f(1 =R exp( —ax)}/[1 — R?exp( —- 2ax)].
(n

IIl. RESULTS AND DISCUSSION

Film thickness, growth rate, and resistivity are recorded
in Table 1. Crystallographic parameters are recorded in Ta-
ble 11. Films grown in Ar-O, discharges show two phases,
hexagonal close-packed Y and body-centered-cubic Y,0,.
There are two additional structures present in ilms grown in
Ne-O, discharges, metallic (Film No. 21) and insulating
(Film Nos. 22, 25. and 26) phases that have no long range
crystallographic order detectable by XRD. RBS results
show that the nonmetallic phase is chemically identifiable as
Y,0,,and is denoted here as “¢-Y, 0, ." Figure | shows the
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TasLE I1. Major diffifaction planesin Y and Y, O, films.
Film 20 (deg) Plane FWHM (deg) Rel. 1 dy, {(nm)*

1 30.92 002a-Y 0.46 100 0.289

64.49 04a¥Y 093 3 0.145

2 30.86 00.2 a-Y 042 100 0.290

64.32 004 a-Y 0.76 3 0.145

k) 29.02 222¢-Y,0, .70 100 C.308

48.14 440c-Y,0, 110 21 0.189

4 30.96 00.2 a-Y 0.38 100 0.289

64.49 004aY 082 2 0.145

H 30.81 002aY 0.46 100 0.290

64.11 004ay¥Y 0.50 2 0.14S

6 290! 222¢Y,0, 0.76 100 0.308

? 28.94 222¢Y,0, 0.68 100 0.309

] 30.96 002aY 0.38 100 0.289

9 28.98 222¢-Y,0, 078 100 0.308

10 2897 222¢-Y,0, 0.77 100 0.308

1 28.96 222¢-Y,0, 0.80 100 0.308

12 21.89 100 a-Y 042 32 0.320

30.44 00.2a-¥Y 0.64 10 02%

3198 10.1 a-Y 0.59 6 0.280

49.16 11.0a-Y 0.64 100 0.188

13 28.96 222¢-Y.0, 0.82 100 0.308

14 28.93 222¢Y,0, 0.78 100 0.309

15 2894 222¢-Y,0, 0.71 100 0.309

H 4509 110aY 0.62 100 0.186

27.86 100a-Y 0.41 26 0.320

30.38 00.2a-Y 0.60 6 0.294

3188 0tayY 0.63 21 0.281

17 2898 222¢Y,0, 0.8} 100 0.308

18 289N 222¢-Y,0, 0.78 100 0.308

19 28.97 22¢-Y,0, 0.7 100 0.308

20 28 89 222¢-Y,0, 0.67 100 0.309
21 no diffraction peaks
22 no diffraction peaks

2 28.94 222¢-Y,0, 0.83 100 0.309

b 2896 222 ¢-Y,0, on 100 0.308
25 no diffraction peaks
26 no diffrsction peaks

“d,., for buik unstressed material (in nm). hesagonal a-Y (10.0)-0.313, (00.2)-0.286, (10.1)-0.280, (11.0)-0.182; cubic ¢-Y,0, (222)-0.306, (440)-

0.187.

fields over which all phases exist as a function of cathode
voltage and gas O, content for (a) Ar-O, and (b) Ne-O,
discharges.

Interms of visual appearance. all Y, O, films are transpar-
ent and colorless. Figure 2 shows the optical absorption coef-
ficient calculated from Eq. (1) as a function of incident pho-
ton energy, E, for two films that represent the extremes in
yttria optical behavior observed here: Film No. 7, which is
¢-Y,0,, and Film No. 22, which is a-Y,0,. Two optical
transitions across the energy band gap occur in Film No. 7.
There is a direct dependence of a’ on E for both transitions,
as shown in Fig. 3, indicating direct transitions.'' Extrapo-
lation of the data in Fig. Jtoa = Oyields £, = 5.07 eV and
E,; = 5.73eV. Two optical absorption studies of single crys-
tal Y,0, place theband gap at ~5.6¢eV'* and ~6.1ev,"
measured from the short wavelength limit of transmission.
The value of E,, obtained here is in good agreement with the
single crystal values.

It can be seen from Fig. 2 that the a versus £ data for Film
No. 22 lacks the fine structure present in Film No. 7. How-

ever, a change of slope in the curve for Film No. 22 occurs in
the vicinity of the onset of the higher energy transition in
Film No. 7. At high photon energy. the curves for Film Nos.
7 and 22 converge indicating similar Y-O short range order.
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Fi, 2 The optical atmorption coefficient as a function of the incident pho-
ton energy for two representative films. O—c.Y.0,, 0—a-Y. 0,

The fundamental optical absorption edges of c- Y, O, Film
Nos. 10, 11, and 20 are coincident with that of Film No. 7.
The edges of a-Y,0, Film Nos. 25 and 26 are coincident
with that of Film No. 22. However, ail other ¢-Y, 0, films
have edges whose features are less sharp than those of Film
No. 7. indicating a greater amount of disorder, and yet not as
featureless as the edge of Film No. 22. We will relate this
phenomenon to the growth environment below.

With ro pect to discharge characteristics, the optical
emission intensity from Y* atoms is recorded in Table I11.
All valuss are relative to the intensity of the transition in a
pure rare gas discharge operated at the same cathode vol-
tage. There apparently is a resonance between the Y transi-
tion at 0.6191 um (2.006 eV) and a strong O transition at
0.6157 um (2.017 eV) that enhances /(Y$,,., ) in Ne-O,
discharges under some conditions, as indicated in Table 111,
and these data are not representative of a change n(Y").

The relative arnval rate 4 is also included in Table I11.
This quantity 1s the growth rate relative to its value in a pure
rare gas discharge operated at the same cathode voltage cor-
rected for the difference in density between Y (447 g/cm')
and Y., (5.01 g/cm') when applicabie. Bulk values for
density are used here. It is well known that the metal target
surface reacts with oxygen dunng reacnive sputtering and
the sputtered flux will consist of both metal and metal-oxide
species. The relative arnival rate 1s assumed here to be pro-
portional to the flux of Y to the substrate both in atomic form
and bonded to O 1n a gaseous Y -oxide molecule of unknown
chemistry

Using a comparison of /(Y*) and A in Ar-0, discharges
operated at — [.5and —~ 1.7 kV as an example, we can de-
fine three types of behavior as the sputtering gas O, content
isincreased Type - /(Y?®) decreases fatter than 4 a8 2% O,
1s added to the discharge, indicating that some form of Y-
oxide 1s being formed at and sputtered from the target sur-
face as a molecule. along with atomic Y Films grown under
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Fi, 3 The square of the absorption coefficient as a function of the incident
photon energy for ¢-Y.O, Extrapolation of the data 10 a* =0 ywelds
E_ =507eVand E,, = 5.73 eV for two direct transitions across the ener-
8y band gap.

these conditions are metallic but have a resistivity that is
higher than that of films grown in pure rare gas operated at
the same cathode voltage, suggesting the incorporation of O.
Typell: Both I{Y*) and 4 decrease to ~ 20% of their value
in pure rare gas as the gas O, content is increased to 4%.
Concurrently, (1) an emission line at 0.7774 um signals the
presence of O in the discharge, and (2) the discharge power
nearly doubles. O in the discharge indicates that the target is
no longer gettering oxygen. Y. O, is a better electron emitter
than Y, and the increase in discharge power indicates that a
complete oxide layer has formed at the target surface. Films
grown under thesc conditions are ¢-Y, O, but have a funda-
mental optical absorption edge that lacks the sharpness of
the representative curve for ¢-Y, O, shown in Fig. 2. Type
II: J{Y*) decreases further and A remains constant as the
gas O, content is increased to 20%, indicating that there is a
larger flux of Y arnving at the substrate in a form other than
atomic Y, compared to Type 1. Type I11 behavior is ear-
marked by a value of 7{ Y*) that is less than 4. The resulting
films are c-Y, 0, with an optical absorption edge represent-
ed by the curve shown for ¢-Y, O, in Fig. 2.

Type U behavior occurs in Ar-0. discharges containing
<27 O, operatedat - 1.3kV, andin Ne-407% O operated
at - L.SkV. Type I behavtor occurs in Ne-Q. discharges
operated at all values of B for gas O, content between 2 and
207 O, Type 1 behas ior represents a relatively large metal
flux assocrated with an onidized target surface, which can
come about erither by dissoctation of the Y-oxide at the tar-
get surface upon sputtering, or by dissociation of the sput.
tered gaseous Y -onde molecule 1n the negative glow Wath
respect to process parameters. high cathode voltage, low gas
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Taset I Relative intensuty of Y optical emission transitions momitored in Ar-0, and Ne-0, discharges during Y and Y, O, film growth, and the relative Y

arnval rate.

Rare gas 0. V. (-kV) 1106191 um) 1(0.6793 um) A
Ar 0 17 100 100 100
Ar b} 17 70 10 89
Ar 4 L? 19 12 15
Ar 0 15 100 100 100
Ar 2 1.5 60 60 100
Ar 4 1.5 15 15 16
Ar plt} 1.5 3 2 14
Ar 4] 1.3 100 100 10G
Ar 2 13 6 b 18
Ar 20 3 ) 4 13
Ar 40 [ ) 7 3 12
Ne 0 1? 100 100 100
Ne 2 17 59 52 18
Ne 3 17 38 33 16
Ne 20 1.7 3" 3t 19
Ne 0 1.5 100 100 t00
Ne 2 15 62 65 24
Ne 4 1.5 66 60 27
Ne pib} 1.5 gs" 25 24
Ne 40 15 226" 20 26
Ne 0 13 100 100 100
Ne 2 1.3 1o" 100 16
Ne 4 13 1 83
Ne X0 IR 114" 26 17

“Relative 10 the value 1n a pure rare gas dine harge operated at the same value of ¥

" Value is enhanced by resonance with a strong O transition at 0 6157 gm, and not representative of changes i (Y™

Q. content, and Ne rather than Ar as the rare gas compo-
nent encourages Ty pe [ behavior. The latter result is in con-
trast to findings for the Zr-O system.'” in which the use of
Ne reduced the metal/metal oxade flux in the negative glow.
Clearly, Ne s acting upon oxidized Y cither at the target
surface or in the negative glow in a much different way than
it acts upon oxidized Zr. This interesting phenomenon will
be an area for future rescarch.

(V. SUMMARY

Reactive sputter depostnon of Y and Y. O films usinga Y
target and O, -Leaning discharges was studied as a function
of three process parameters: cathode voltage, discharge O
content, and type of rare gas nsed in compunction with O /n
situ optical emission spectrometry was used 1o monitor
changes 1n the Y and O atomic pepulatbion i the negative
glow as a function of changing process parameter The range
of parameters over which hexagonal Y. cubic Y O, and Y
and Y, O, structures with no long range ervstallographic
order were deposited we determined. Twe direct opical
transitions across the energy hand gap of Y. 0, at S07
and $.73 eV were idennticd. Combuing discharge diagnos-
ties, growth rate. ond film eroperty resulis it was concluded
that Y. O, was formed at the substrate concurrent with the
complete oxadation of the target surface Furthermore,
based on fundamental optical absorption edge characteris-
tics, ¢-Y. O, that more closely resembled the bulk material
was obtamed when the Y -oxde/Y flux to the substrate was
high.
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Cubic yttria films were sputter deposited on unheated fused silica substrates. /n situ optical
spectrometry was used to monitor emission from six Y/ transitions in the discharge. A simple
formalism was developed for estimating the ratio of yttrium arriving at the substrate in atomic
form to yttrium bonded to axygen in an unspecified molecular form. The optical absorption
coeffictent (@ = ~1U -10" ecm ') of the tilms was determined, post-deposition, over the
energy range 5.0-6.2 V. The results show that a large atomic yttrium flux to the substrate
during deposition resulted in a “*disordered™ optical absorption edge. A large flux of ytirium
bonded to oxygen resulied tn an edge with two direct interband transitions separated by 0.66
eV, 1n good agreement with the bulk single crystal €, data and a recent theoretical energy band

calculation for cubic yttna.

Yttria. chemucally Y, O, in bulk form at room tempera-
ture has a dixbyite-type body-centered cubic lattice structure
consisting of an eighty-atom unit cell in which Y is in sixfold
coordination with Q. [n a previous study.” a “phase dia-
gram" for the sputter deposited Y-Osystem, shown in Fig. 1,
was developed in which film crystallography was presented
as a funcuion of three independent process parameters: (1)
cathode voltage: (2) O, content of the sputtering gas: and
{3) type of rare gas used in conjunction with O,. From Fig.
1, 1t can be seen that both cubic- (¢-) and short-range order

1. INTRODUCTION

{a-) yttna structures occur 10 sputter deposited films. Pre-
absorption edge, as expected.

sampling films throughout the c-yttria phase field; (2) to
ment.

chemistry.

v
b

liminary results comparing the optical absorption edge of a
The purpose of this study is threefold: (1) to expand

1al ¢ yttria' and 1o a recent theoretical calculation of the

order in the vicinity of the band gap (evidenced by changes
The experimental program consisted of film growth by

nostics using optical emission spectrometry, and post-depo-

spectrophotometry to determine the structure of the funda-

and Ruthcerford backscattering spectroscopy were carried

"' Permanent address Cahfornia Instiute of Technology. 116-21, Pasade-

2945

single film of each type showed differences in the optical
preliminary near-ultraviolet optical absorption results’ by
compare the results with those reported for bulk single-crys-
electromic band structure;* and (3) to relate efectronic dis-
in near-ultraviolet absorption) to the film growth environ-
I1. EXPERIMENTAL PROCEDURE

reactive sputter deposition. /n situ sputtering discharge diag-
sition film charactenization using visible-near-ultraviolet
mental optical absorption edge. Infrared spectrophotometry
out on selected samples to obtain lattice absorption data and
*" Send all correspondence to this author

na, CA 91125
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A. Film growth

Films were grown in an rf diode apparatus by sputtering
a 13-cm-diam, 99.8% pure Y target bonded to a water-
cooled Cu cathode. Supersil fused silica, (111)-cut Si, and
carbon foil substrates were placed on a water-cooled Y-coat-
ed Cu pallet covering the anode. The anode-cathode spacing
was 7 cm. The chamber was evacuated to <5x10 7 Torr
with a liquid-N, trapped, hot Si-base oil diffusion pump and
backfilled with the sputtering gas to a total pressure of
1 10 7 Torr. The sputtering gas consisted of a rare gas, Ne
(99.996% pure) or Ar (99.999% pure). and O, (99.99%
pure). Each component was separately admitted into the
chamber using an MKS Instruments Baratron Series 260
pressu~e/flow control system.

Two presputters preceded each deposition. The first
presputter was carried out in pure rare gas for 30 min, and its
purpose was to remove the oxide layer that had formed on
the target surface upon exposure to air. The second presput-
ter was carried out in the rare gas-O, mixture used to deposit
the film and its purpose was to allow time for discharge and
target surface reactions to reach dynamic equilibrium. The

om0y
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FI1G 1 A “phase duagram™ for sputter deposated Y -0 il adapred from
Ref 2. imdicating films A F studied
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TABLE 1. Growth parameters, film thickness, growth rate, and Y:O atomic concentration for sputter deposited c-yttria films.

| 4 Power x
Film Gas ( -kV) (W) (kA)* (A/min) Y:0" x (kA)

A Ar-4% 0O, 1.7 670 49406 $3+7 - “e

B Ar-4% O, 1.5 600 33+02 $0+3 2:30 3.30
C Ar-20% O, 1.5 620 17401 4543
D Ar-20% O, 13 400 19402 32413 2:30 1.97
E Ne-4% O, 1S 408 21404 23+8
F Ne-20% O, 1.5 450 12401 20 + 2

* Profilometer msaasurement of yttria on fused silica.
* RBS measuraaent € ytiria on carbon foil.

movable shutter that covered the substrates was then re-
moved and the films were grown according to the conditions
listed in Table 1. The cathode voltage ¥, recorded in Table |
was measured peak-to-peak during a 13.56-MHz rf cycle.
The anode was kept at ground potential. The films studied
are designated by the letters A~F on Fig. 1.

B. Discharge characterization

The rf forward power in the discharge was determined
as a function of nominal sputtering gas composition and
cathode voltage. This set of data, combined with optical
emission data, allows us to determine when target surface
oxidation has occurred.

A model HR320 Instruments SA optical spectrometer
with 1200 :and 2400 groove/mm holographic gratings capa-
ble of 0.5 A resolution was used to measure the optical emis-
sion intensity /{A) as a function of nominal sputtering gas
composition and cathode voltage. /(4) corresponding to six
de-excitations of the neutral yttrium atom (Y/) to ground
state were monitored, at 4 = 3621, 4]28, 4143, 4236, 6191,
and 6793 A.* Radiation emitted from the region b:tween the
anode and cathode was sampled through an optical window
with a transmission cutoff of 3.2 kA. The window was shut-
tered when not in use, and was also periodically removed
from the chamber and its transmission characteristics
checked by spectrophotometry to detect intensity changes
caused by coating with sputtered flux during the course of
the experiment.

C. Film characterization

Crystallographic data for the films are reported in Ref. 2
and recorded in Table I1. In summary, all Slms are polycrys-
talline c-yttria. Film A has a preferred{222} orientation.
Films B-F have only {222} planes oriented parallel to the
substrate. In all films, the interplanar spacing 7 ,,,, is larger
than the bulk value, and the full width at one-half maximum
diffraction peak intensity Ad),,,, is greater than the value
due to instrument effects alone.

Film thickness x was measured post-deposition with a
Tencor Alpha-Step 200 model profilometer from a step pro-
duced by masking part of the fused silica substrate during

2946 J Appl Phys., Vol 68 No 6, 15 September 1990

deposition. The growth rate G was determined by dividing
film thickness by deposition time. We wanted to calculaic
the growth rate relative to its value in a pure rare gas
discharge operated at a particular cathode voltage

= [G(rare gas + O,)/G(rare gas) ]. Films were grown
in pure rare gas for this purpose. As discussed in Sec. IV, G’
was used to estimate the arrival flux of Y/Y-oxide gaseous
species to the substrate.

A Perkin-Elmer Model 330 UV.visible-IR double beam
spectrophotometer with a specular reflection attachment
was used (0 measure the transmittance 7 and reflectance R
of ncar-normal incident radiation of films grown on fused
silica. Measurements were made in laboratory air at room
temperature. The absorption coefficient @ was calculated
from the expression,”

T={(1-R) expt —ax)]/[1 — R exp( - 2ax}).

nH

A Nicolet Model MX-1 FT iR spectrometer was used to
obtain the infrared absorption spectra of films grown on
(111) Si using the same discharge conditions used to grow

TABLE 11. Crystallographic parameters of sputter-deposited ¢ yttria on
fused silica (from Ref. 2).

20 dy, ad
Film (deg)* Plane Rel. I* (A (deg)*
A 2902 222¢Y,0, 100 won 070
4814 440c.Y,0, 21 1.890 1.10

B 2901 22c¢Y,0, 100 3078 076
C 2894 222¢Y,0, 100 3.088 0.68
D 2897 222¢Y.0, 100 3.082 0.7
E 2897 222¢Y,0, 100 3.082 0.7
F 897 222¢Y,0, 100 3.082 0.75

“Unresolved CuKa radiation used. A ' S4!8 A_ error in single measure-
ment = + 002"

"Rel Jand d,,, for bulk unstressed c-Y, 0, (222)-100, 3.060 A, (440)-46,
1 874 A, error in single d.,, measurement = + 0002 A
AdO 18 ( + 0.04)" for the (01.1) diffraction peak of the quartz standard at
26 = 26 66°
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films Band D. These films are denoted B’ and D'. The instru-
ment was calibrated using a polystyrene standard to an accu-
racy of + 4 cm ' in the wave number region of interest,
400-4000 cm ' (25.0-2.5 um).

Rutherford backscattering spectroscopy (RBS) of films
grown on carbon foil using the same conditions used to grow
films B and D was carried out with 2 MeV He '’ ions
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as the bombarding species. Y:O atornic concentration
( + <10%) and film thickness using bulk c-yttria density
were determined.

1. RESULTS

Figure 2 shows the rf forward power as a function of
nominal sputtering gas composition and cathode voltage.
The emission intensity relative to its value in a pure rare gas
discharge operated at a particular cathode voltage, Rel.
1(4)}, is shown in Fig. 3.

Film thickness, growth rate, and Y:0 atomic concentra-
tion are recorded in Table [. The Y:O atomic concentration
in films Band D is 2:3. Profilometer and RBS measurements
of thickness are in agreement.

In terms of visual appearance, all films are transparent
and colorless in transmitted light. Figure 4 shows the optical
absorption coefficient as a function of incident photon ener-
gy E for films grown in three regions of the phase diagram, as
shown in Fig. 1. (a) Films A and B were grown in Ar-O,
discharges, using conditions near the yttrium:c-yttria phase
boundary (region I). (b) Films C and D were grown in
Ar-O, discharges, using conditions far from the yttrium:c-
yttria phase boundary (region I1). (c) Films E and F were
grown in Ne-O, discharges, using conditions acrose the c-
yttria phase field (region 111}, specifically at the same nomi-
nal Q, content (4% and 20%) and V_ ( — 1.5kV) used to
grow films B and D.

In general, a varies as C(E — E,)"? for direct transi-
tions (Ak = 0) across the band gap. We previously identi-
fied’ two direct interband transitions in a film grown under
region 1I conditions, with optical gaps E,, = 5.07 ¢V and
E,, = 5.73 ¢V. Figure 5 shows a’ versus E for films C and
D. It can be scen that these data are in good agreement with
curves from Ref. 2, included in Fig. S.

The infrared spectra of B’ and D’ have a vibrational
band characteristic of bulk c-yttria short range order.”* The
frequency at maximum band intensity v and the full width at
one-half maximum intensity Av are recorded in Table 111.
Bulk c-yttria powder has a strong vibrational band at
v=56lcm ' single-crystal data places vat 580cm '’
and at 542 cm ' for polycrystalline, multiorientation, and
evaporated ¢-yttria films.” Films B and D have identical v
values, within experimental error, and lic between bulk poly-
crystalline and single-crystal values. Av values, which repre-
sen1 the statistical distribution of the vibrational frequency
about the average value, are identical for films B and D.
These results show that c-yttria films representing regions |
and 11 in the phase diagram are indistiguishable in terms of
average Y-O short-range order.

V. DISCUSSION

In the case of Ar-O, discharges, the sudden increase in
power and decrease in Rel. /(A) at a critical gas O, content
indicates that an oxide has formed on the target surface, and
that this oxide 15 a better secondary electron emitter than
yttrium metal. Target surface oxidation occurs at 4% O, for
discharges operated at — 1.7 and — 1.5kV, and at 2% O,
for a - 1.3-kV discharge. Yttrium atoms in the discharge
result from target surface oxide dissociation upon sputtering
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or from dissociation of sputtered Y-oxide molecules in the
plasma volume. In the case of Ne-O), discharges operated at
— 1.5 kV, the increase in power and decrease in Rel. 7(A4)
from all ultraviolet transitions indicates an oxidized 1arget
surface at 2% O,. Hence, all films studied are sputtered
from an oxidized target surface. /(6191 A) and /(6793 A)
are not reduced in — 1.5kV. Ne-Q, discharges even though
the target surface is oxidized. There appears to be selective
enhancement of the upper-level population associated with
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these red transitions Jue to a plasma volume reaction(s).
Optical absorption measurements yielding edge struc-
ture have yet to be made on bulk single-crystal c yttria. The a
versus E spectrum, however, will be similar to €, versus E.
The only reported determination of €, versus E for single-
crystal ¢ yttria, a Kramers-Kronig analysis of reflectance
data,’ shows an initial double-peaked structure similar to
that observed in films C and D, wih @ at 6 eV calculated to
be 1.9% 10" cm ', in good agreement with our data [a(6
eV) = 1x10* cm ']. A recent theoretical calculation® of
the c-yttria energy band structure shows two direct transi-
tions along ' (k = 0) to bands separated by < | eV in the

TARLETH Iafrared absorption of c-yteria tilms sputter deposyted on (1T
A
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lower part of the conduction band. The energy separation
AF = 0.66 ¢V between the two direct transitions that com-
prise the edge of titms Cand D s inexcellent agreement wath
theory.

aversus Fcurves for flms AL B. k. and F tack the fine
structure present tn the curves tor filims Cand D. The energy
separation between the two transiions disappears, and o
fact, « does not vary directly with £' 7 anywhere on the
edge. indicating a modiied joint density of states.

Differences i the optical absorption edge stiucture of
films grown  different regions of the c-yttra phase field
cannot be attributed to gross differences in chemstry. crys-
tallography. or short-range Y-O order. Furthermore ©:¢-
cess parameters such as growth rate and diseha: go power do
not systemancally affect the «dve - tuciure We can, how-
aver, reiate the edge stroctaie of regien Tand 11 films to the
Y-oxice/Y flux iniuent on the substrite as follows.

Buased on mass snectrometry stucies of other target ma-
tenials,'” the Aux arriving at the substrate is expected to con-
sist of yttrium atoms + sorae form of Y-oxide molecule that
has been sputtered imtact. if -/ equals the total flux of yt-
trium in ~lf forms arriving at the substrate refarive to its value
n rare gas, then,

A = /(Y) + /7 (Y-oxide), (2)
where ../ (Y) and -/ (Y-oxide) are the relative flux of atom-
ic yttsium and yitrism bonded to oxygen in some form,'’
respectively. Assuming unity sticking coefficient, then,

o =G [p(Y)/p(Y.00]. (3
whers G s the relanive growth rate defined in Sec. 11 Cand
the bulk atomic densities are p(Y) = 447 g/cm’ and
Y. O0) = 501 g/em’. In general, for an optically thin
plasma m local thermal equilibrium, '’

TAY ~ had, N, /474, 4
where 4, is the Einstein coefficient of the optical transition
assoctated with de-excitation of an atom in an upper state &
toa lower state 7 resuiting in emission of radiation at 4, v, 18
the number of atoms in the upper state, A 15 Planck's con-
stant, and ¢ 1s the speed of hghtin vacuum. .V, 1s proportion-
al 10 .V, the number of ground state atoms. Hence, Rel.
I(A}, defined in Sec. 1L s given by

Rel. 7¢4) Rel V- Rel Vv /YD), (%)

where Rel .V, and Rell Ve the number of atoms in excit-
cdand ground states K and ¢ relatiee 1o their number in a pure
rare gas discharge operated it the same cathode voltage. Us-
ing Eq. (2).

A (Y-oxide) = o/ - /(Y)
=G [ptY)/p(Y, 00 ] ~ Rel. T1A),
(6)
and the Y-oxide/Y tlux to the substrate is given by
A Y-oxide)/ v (Y - {G'{pY)/p(Y.0,)]
- Rel. ItAy}/Rel. 1(A). ()

The right-hand side of Eq. (7) contains quantities we
have measured The values for {G'[p(Y)/p(Y. O]}
Rel. I(A)Y, and /1 Y-oxide)/ 7 (Y) for films A-D are re-
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FABLE IV Vidues et caleutate v Youders (YY) [ky ()]

LG Yy (Y O Rel Tz COY oxde)

Fam (B! (S Y

A 18 188, 38 -0

1) It o« 48 06

< 14 17 2K

[¥] it +5 0N 19
Caleulated by tabing the . coage salue of all wavelengths showa tor a par-
teudar depositioe «cadiienm o b 3

CCaiclatea gang the average value of Rel fo2

corded in Table 1V, -/ (Y-oxide)/ -/ (Y) = 0-0.6 for region
1 films, and s at least 3.2-4.6 % larger for region 11 films.
Under region | conditions, yttrium is dehivered to the sub-
strate predominantly in atomic form. whereas under region
IT conditions, yttrium 1s delivered to the substrate predomi-
nant!v in a form bonded to O. A large atomic yttrium flux
resulis in a “disordered™ optical absorption edge (films A
and B). whereas a large Y-oxide flux results in an edge with
the characteristic features of bulk ¢ yttra (films C and D).
The above analysis cannot be applied to films E and F
(region I11). There is selective enhancement of ¥, of the two
red transitions in Ne-Q, discharges operated at — 1.5 kV,
and Eq. (5) does not hold. Rel. /(4) is the same for both red
transitions in Ne--.4% O,, suggesting a yet to be identified
broad band excitation source | E,g 4 — Eareia
= (2.006 — 1.823)eV =0.183eV]. In Ne-20% O,.
1(6793 A) 1s reduced to the level of the ultraviolet transi-
tions, the upper population of this transition no longer en-
hanced, whereas /(6191 A) does not decrease, indicating its
excitation source has changed. /(6191 A) enhancement in
Ne->>"% O, is most likely caused by a resonance with an
atomic O transition at 6157 A {Euics a — Enir a
= (2.017-2.006) ¢V = 0.0i1 eV ], known to be strong in
Ne-O, sputtering discharges.'' Films grown under region
11 conditions, in which the flux of yttrium atoms exc'ted to
~ 2 ¢Vs high, have disordered absorption edges. The pre-
cise connection between this excited yttrium population and
the creanon of electronic disorder on the edge awaits further
investigation.

V. SUMMARY

Cubic yttria iims were snutter deposited on unheated
fused silica substrates. 7a st optical spectrometry was used
to monitor emission from six Y/ transitions in the discharge.
A simple formahsm wis developed for estimating the ratio of
yttnum arnving at the substrate in atoric form to yttrium
bonded to oxygen i an unspeciied molecular form. The
optical absorption coefficient (az = ~10°-10° em ') of
the films was determined. post-deposttion. over the energy
range S.0-62 ¢V,

I'rom the resulis presented above, we conclude:

(1) The absorption edge structure varies with nomina)
sputtering gas composition (O content, type of rare gas
used in conpunction with 0. ) and cathode voltage. even
though the films produced have similar stoichiometry, crys-
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tallographic parameters, and lattice absorption behavior.
(2) A warge atomic yttrium flux to the substrate results
in cubic yttria with a “disordered™ optical absorption edge.
(3) A large flux of yttrium bonded 1o oxygen to the
substrate results in cubic yttria whose edge consists of two
direct interband transitions separated by 0.66 ¢V, 1n good
agreement with the bulk single-crystal €. data' and a recent
theoretical energy band calculation for cubie yttna.®
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High temperature air-annealing behavior of sputter deposited amorphous

yttria films on fused silica
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This article addresses the response of amorphous yttria films grown on fused silica substrates to
high temperature (900 °C) cyclic annealing 1n air for up 10 145.5 h. Surface science and bulk
analytical techniques were applied to dciermine and correlate changes in microstructure,
crystallization, optical behavior, and chemustry (atomic concentration and bonding) concurrent
with anneaiing. Limited crystallization occurred after short-term annealing, resulting in regions
of nanocrystallinity tn an amorphous matnx. X-ray photoelectron spectroscopy data showed an
accompanying loss of resoluuion of Y 3d.,; — 3dy,, spin states, but no change in the fundamental
optical absorption edge was observed. Long-term annealing resulted in granularization of the
matrix 1tself, with a large increase 1n cptical absorption 1n the 3-5 eV range. X-ray photoelectron
spectroscopy data showed a broadening of the O s peak. No evidence of Si diffusion from the
interfacial region nto the yttria film was seen, even after long-term annealing, demonstratung
amorphous yttria's potential use as a high temperature diffusion barner for metal-on-Si-based

ceramic applications.

I. INTRODUCTION

Yttna, Y,0,, is a wide energy band gap, refractory mate-
nal. The standard temperatute and pressure structure is
bixbyite-type cubic, stable up to 2325 °C. Previously, we
constructed a phase map for the sputter deposited yttrium-
oxygen system, and showed that both crystalline and high
density amorphous yttria films can be produced near room
temperature 1n a controlled manner on many types of
substrates '™

# morphous yttna is an important matenai because of
1ts use as a high temperature diffusion barner * It also has
petential use as a corroston-inhibiting coaung, which. as m
the case of aluminum nitride,*’ may be enhanced when
long range crystalline order is suppressed. Its lugh dieiec-
tnc constant € = 14—17 makes amorphous yitria a good
capacitor material for very large scale integration
applications.” Last, is wide band gap giving transparency
throughout the near infrarcd-visible regior and its refrac-
tory nature make amorphous yttna a potential cardidate
a5 a protective coating on high power laser mirrors and
lenses

The present paper addresses the stability of amorphous
yttna films deposited on fused silica substrates and sub-
lected to high temperature cychic anneahing.’ The goal of
the study was to understand the matenal's response to the
type of arnealing that it may encounter when 1n use in the
field Using a battery of buik analvtical techmques, we re-.
port changes 1n microstructure. crystallization, and optical
absorption thut accompany annealing. X-ray photoelectron
spectros~opy was used to obtain information about chem-
ical species and bonding that was central to our nnder-
standing of the relationship between these changes for a
given annealing ime at temperature.

. EXPERIMENTAL PROCEDURE

The films studied here were grown on unheated Suprasil
fused <ilica substrates hy ra.fio-frequency (rf) diode sput-
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tening a 99.8% Y target in Ne-O, atmospheres, as previ-
ously described.'™ The as-deposited fitms were 100 nm
thick, amorphous, stoichiometnic Y,0,. These films had
*“naturally aged” for one year at room temperature 1n lab-
oratory air before the current annealing study was begun.

In order to study the effect of cumulative ime-at-tem-
perature, a naturally aged film was annealed in air at
900 °C for sequential periods of time of 0.5, 1, 24, 48. ard
72 h. After each time period, the film was withdrawn from
the furnace, cooled in air, and examined as described be-
low. Two additional films were annealed in laboratory air
at 900 °C for ime peniods of | and 72 h, respectively, solely
for the purpose of x-ray photoelectron spectroscopy anal-
ysis.

Charactenzation of the films after each processing step
included the following measurements. Electrical resistivity
of ail films was measured with a four-point probe. and
found to be greater than 10'® ufl cm.

Microstructurai changes commensurate with annealing
were determined using both optical and scanning electron
microscopy. Crystailography was determined by double-
angie x-ray wiffraction (XRD) using unresolved Cu X,
radiation with wavelength A = 0 1542 nm. The diffracto-
meter was calibrated using the {01.1} diffraction peak of a
polycrystalline quartz standard at 20 = 26.66+0.02".
RD peak intensity, position (20 +0 02°), and full width
at one half of the maximum intensity were measured. From
these measurements, the interplanar spacing d was calcu-
lated from the Bragg relationship for first order diffraction:
A =2dsin @ The minimum crystaliite size D was deter-
mined using the Scherrer equation'” D =094/Bc¢cos ©,
where B8 is the peak width corrected for instrumental
broadening contributions.

A Perkin~Elmer Model 330 ultraviolet-visible-infrared
double beam spectrophotometer was used to determine the
optical reflectance R and transmuttance T of near-normai
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inuident radiation through the film - substrate composite.
Measurements were made 1n laboratory atr at room tem-
perature over the wavelength range of 153 to 1000 nm (6.6
ro 1.2 eV). An Al murror was used for the background
correction 1n the reflectance mode. and the film reflectance
was measured relative to the Al murror. A bare fused silica
substrate was placed in the refererce beam path dunng
iransmittance mea-urements. [n this manner, transmit-
tance through the silica substrate, even though >930%
throughout the wavelength region of interest, was sub-
tracted from the value for the film - substrate composite.

The opuical absorpuion coetficient a was calculated as a
function of incident photon energy £ from these spectro-
photometric measurements and a knowledge of film thick-
ness x = 100 nm using the following expression''

T={{l —RY expt —ax))/[1 - Riexp( = 2ax)]. (1)

Information regarding the joint density of electronic states
ivalence - conduction band states) in the vicinity of
band gap was obtained from the functional dependence of
the absorption coetficient on the incident photon energy.

A VG Instruments Model Mark Il Auger electron
spectroscopy/ electron spectroscopy for chemical analysis
{AES/ESCA) system with a 1253.6 eV Mg K, radiation
source was used for x-ray photoelectron spectroscopy
(XPS). ae instrument was calibrated using a gold foil
standard. to the Au 4/5,; electron binding energy at 83.8
=0.2 eV with a full width at one half-maximum intensity
{FWHM) of 12 eV. XPS depth profiling using a § keV
Ar ™ 1on beam as the sputter etching agent was carned out
10 obtain chemucal information from lavers below the film
surface The sputter etching rate was estimated to be 1.2
=0.2 nm/min.

itl. RESULTS AND DISCUSSION
A. Microstructure

Optical microscopy of the naturally aged film revealed a
teatureless structure. However, atter anneuling for 0.5 h,
globules with dimensions of 2—4 um were observed in the
featureless matnx {Fig. 1¢a)]. The average interglobular
spacing was 4 um. The size and dispersion of these globules
did not change even after a cumulative anneal time of
1455 h

However, annealing at 900 °C beyond 1.5 h resulted in a
transition in the matrix itself. The featureless matnx was
replaced by “grains” with conspicuous boundanes. The
average grain diameter was 0.6 um. A scanning electron
micrograph (SEM) of this structure, taken after a cumu-
lative anneal of 145.5 h. 1s shown n Fig. 1(b).

B. Crystallography

X-ray diffraction measurements showed that, as ex-
pected, the as-grown amorphous films did not undergo
crystalization after natural aging. However, after anneai-
ing for 0.5 h, a transition to a nanocrystalline structure
occurred. evidenced by two weak, broad diffraction peaks
corresponding to {222} and (440} planes of the cubic
bixbyite-type yttna lattice. These peaks were of equal in-
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(o)

FIG | (a) Opucal micrograph of a yttna film annealed 1n air at 900°C
for 0 S h (b) Scannming clectron mictograph of a ytinia film after a 1455
h annesi.

tensity. The interplanar spacings d{222} = 0.304 nm and
d{440} = 0.187 nm were the same as those for unstressed
bulk cubic yttna. Neither peak intenstty nor diffracuon
angle (hence nterplanar spacing) was atfected by increas-
ing the cumulative annealing ume to 145.5 h. The nano-
crystallite size calculated from {222} reflections after a 0.5
h anneal was equal to 50 nm, and increased twofold after
145.5 h at temperature.

A companson of XRD and microstructural data shows
that partial crystallization 1s accompanied by the forma-
tion of “globules.” which we conclude to contain clustens
of nanocrystallites.

C. Optical absorption coefficient

With respect to visual appearance, films in ail process-
ing conditions were colorless in transmitted light. The op-
tical absorption coefficient, calculated using Eq. (1), i
shown in Fig. 2 as a funcuion of incident photon energy. It
can be seen that natural aging shifted the low energy region
of the absorption curve to higher energy, while the high
energy absorption coefficient remained unchanged. The
precise reason for the change in the shape of the low energy
poruon of the a versus £ curve with natural aging is as yet
unknown, but the fact that the high energy portion did aot
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PG 2 The optical absorption coefficient as a (unction of incident photon
nergy for different processing conditions of a yttna film

change with aging sign:fies that nearest-neighbor Y-O
bonding remained unchanged.'?

Annealing for up to 1.5 h did not affect the fundamental
optical absorption edge Apparently, the formation of
nanocrystallites concentrated in globular regions whose di-
mensions are an order of magnitude larger than the inci-
dent radiation does not affect the edge position or shape.
With further annealing, however, a large shift to lower
energy occurred, as can be seen from the a versus E curve

~ for 25.5 h, and this trend continued with increasing anneal-
" ing ume. The increased optical absorption is commensu-

P

rate with the granulanzation of the matrix and 15 most
likely caused by scattering of the incident light of wave-
length that 15 the same order of magnitude as the diameter
of a grain.

D. Chemistry

The relative atomic concentration of each element for a
film annealed for 72 h, was calculated using XPS pe-k
height sensiuwity factors'? for Y. Si. and O The depth
profiles thus obtained are shown in Fig 3. There 1s an
outermost-surface layer of Y O in a | 3 ratio charactenstc
of YCIOH), With subsequent etching, the Y and O con-
centrations reach a ratio of 2 3, charactenistic of Y,0,.
This ratio remains constant to the film/substrate interface,
at a depth of 100 nm

Figure 3 shows that a small Si signal ( < | at. %) first
appears after etching to a depth of 60 nm from the film/air
interface. This signal increases to a value of ~ 5 at. % after
etching to a depth of 100 nm, which corresponds to the
film thickness. Si had the same profile and amplitude in the
unannealed and annealed conditions, and its presence n
the spectra 1s attnbuted to either smeanng of the interface
dunng film growth. a common occurrence during sputter
deposition, or an artifact of the sputter-etching process re-
quired for depth profiling It s therefore concluded that S
does not diffuse from the interfacial region 1nto the film
upon high temperature annealing This result 1s technolog-
wally tmportant becauvse yttna s a candidate for a high
temperature diffusion barner layer for metal-on-Si-based
ceramic systems |
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yttna film air annealed at 900 *C for 72 h as a function of the depth from
the film/air interface.

We next compare the Y 3d and O s photoelectron peak
shape for the naturally aged condition with matenal an-
nealed for ! and 72 h. Figures 4-6 show spectra taken at 2
depth of (2) 12 nm (i.e., near the film/air interface) and
(5) 72 nm (i.e., near the filni/substrate interface) for each
annealing time. Yttria is a good insulator as shown by
electrical resistivity measurements cited above. As ex-
pected, there was considerable charge shifting of the pho-
toelectron binding energy peaks in all films. The usual
method we use for charge shift correction, referencing to
the C 1s photoelectron binding energy peak at 284.6 eV,
cannot be used here. Adventitious carbon simply did not
exist in the intenor of the films. Although the C 1s photo-
clectron binding energy at the film surface before sputter
etching can be used to estimate the amount of charge shift-
ing, 5.1-6.5 eV, this value cannot be used as a correction
factor to obtain an absolute photoelectron binding energy.
The abscissa shown in Figs. 46 is therefore uncorrected
for sample charging and does not represent true Y 3d or O
I's photoelectron binding energy.

Figure 4 shows the Y 3d and O 1s photoelectron peaks
of naturally aged matenal. Companng Figs. 4(a) and
4(c), it can be seen that the Y 3d peaks for both depths
within the naturally aged film are identical in shape. Mul-
tiplet sphitting of core-level peaks i1s observed in systems
having unpaired electrons in the valence level, due to spin-
orbit ( j-7) coupllng." For yttrium atoms, the areal ratio
of the doublets due t0 }d.,; — 3d,,; line splitting 1s in the
ratio of their respective degeneracies (2/ + 1) and equal to
1S5 In the naturally aged condition, the 5/2-3/2 spin-orbit
spht components of the Y 3d peak were in the areal ratio of
1 3. close to the theoretical value The doublets were sep-
arated by 20 eV, close to the value reported for Y;0,."
Figure 4(b) shows that the O |s photoelectron spectrum
near the film/air interface consists of a main peak with a
shoulder centered at 2.6 eV higher binding energy. The
main O s peak 15 attnbuted to O bonded to Y n amor-
phous yttna and the shoulder 1s attnbuted to physisorbed
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O; and hydrated O species bonded to Y, as in
Y(OH),."® Figure 4(d) shows that the O 15 peak shonlder
intensity has decreased, indicating that the number of phy-
isorbed and hydrated oxygen species have decreased.

Figures $ and € how the Y 3d and O Is photoelectron
peaks of material annealed for | and 72 h, respectively.
From Figs. $(a) and 5(c), it can be seen that at both
depths within the film, the 5/2 and 372 components of the
Y 3d peak show a loss of resolution compared to the nat-
urally aged matenial. XRD and microscopy data show that
a paruial phase change occurs after short term arnealing
(0.5 h), resulting in a two-phase material: an amorphous
matrix + a nanocrystalline second phase. The loss of res-
olution observed in the Y 3d components after a | h anneal
.18 attnibuted to the fact that both crysialline and amor-
phous yitria have a Y 34 doublet, but at slightly different
energies. A comparison of Figs. 6(a) and 6(c) with 5(a)
and 5(c) shows that there is no further loss of resolution in
the Y 34 peak components with increasing annealing time.
This result 1s consistent with XRD resuits showing no fur-
ther crystallization after a 0.5 h anneal.

A companson of Fig. 4(b) with 5(b) and Fig. 4(d)
with 5(d) shows that the O 1s peak shape does not change
with anncaling for | h at esther 12 or 72 nm ‘rom the
film/air interface. However, a large change in the O Is
peak shape occurs at both depths within the film after
annealing for 72 h, as seen by companng Figs. $(b) and
5(d) with Figs. 6(b) and 6(d). The full width at one
half-maximum intensity of the main O 1s peak doubles and
the shoulder disappesrs. The fact that no Si appears in the
spectrum at 12 nm from the film/air interface leads us to
conclude that Si diffusion from the film/substrate interface
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and the consequent formation of Si oxides and/or yttrium
silicates are not the csuse of O |s peak broadening.

Instead, we looked at the microstructural transforms-
tion of the matrix itself into granular regions to explain O
15 peak broadening. There was a large grain boundary area
created by this transformation, with a surface area-to-vol-
ume ratio of 10 um ~'. O bonding at the grain surface may
be different from that in the grain interior,'’ giving rise to
the increase in the range of O Is photoelectron binding
energy values observed here.

V. SUMMARY

We have studied the response of amorphous yttria films
grown on fused silica substrates to high temperature
(900 °C) cyclic annealing for up 10 145.5 h. We combined
applied surface science and bulk analytical techmques to
determine changes in microstructure, crystallization, opti-
cal absorption behavior, and chemustry concurrent with
annealing. The following conclusions are drawn from this
time-at-temperature study:

(1) Short-term annealing resulted in limited crvsia'hiza-
tion. Nanocrystallites were formed in localized ciusters
(globules) within the amorphous yttria matrix after 0.5 h
at 900 *C. No change in the fundamental optical absorption
edge occurred at this stage of annealing because the globule
dimensions were an order of magmitude larger than the
wavelength of the incident radiation. XPS data showed a
loss of resolution of the 5/2-3/2 spin states of the Y d
photoelectron pesk. This result was sttributed to the su-
perposition of different contrnibutions from the amorphous
and nanccrystalline components in the film. No further
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crystalitzation was observed after a cumuiative anneal for
1.5h.

(2) Annealing for longer than 1.5 h resulted in a change
in the microstructure of the matnx itself: granular regions
with distinct boundanies developed. A large increase in op-

12 - (A) ra) Y SD

tical absorption in the 3-5 eV range (413-248 nm) accom-
panied granulanzation. This effect was attnbuted to scat-
tening by the grains, whose diameter was the same order of
magnitude as the wavelength of the incident radiation.
XPS data showed that there was no further change in the
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Y 3d photoelectron binding energy peak shape. However,
the width of the O Is photoelectron binding energy peak
doubled A large grain boundary area was created by the
granularization of the matnx. We suggest that O bonding
at the grain surface may be different from that in the grain
interior, giving rise to the increase in the range of O Is
photoelectron binding energy values

(3) An important technologica! result that emerged
from this study was that Si1 did not diffuse from the inter-
facial region 1nto the film, even after long-term annealing,
demonstrating yttria's potential use as a high temperature
difusion barner for metal-on-Si-based ceramic applica-
tions
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Kinetics of morphological change during annealing of amorphous
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We report a time-at-temperature study of air annealing at 700 °C of amorphous yttria films
sputter deposited on fused silica. The results show that crystallization was limited (7%). A
striking morphological change involved the formation of 2.5 ym-maximum diameter globules.
By comparing changes in globule number with maximum diameter, the time-at-temperature
ranges for which nucleation + growth and growth + coarsening processes occurred was
determined. The giobule formation rate initially followed an Arrhenius curve: dN/d:
= (4 X 10%/ccs)exp{ — 0.28 X 10~ 3/s5):). The activation energy estimated for globule

formation was close to that for Y diffusion in yttria.

Technological interest in amorphous yttria films is based
on their diverse use as capacitors, protective coatings for
high power density laser optics, corrosion-inhibiting lin-
ings for magnetic fusion reactors, and high temperature
diffusion barrier layers for metal-on-silicon-based ceramic
systems.'™ In all of these applications, the film is subjected
to cyclic heating. It is therefore important to understand
the material’s time-at-temperature response to annealing,
with particular attention to stability of morphology and
resistance to crystallization.

In a recent article,’ we reported the high temperature
(900 °C) air-annealing behavior of yttria films on silica.
Two major morphological changes occurred. (1) Spherical
precipitates (globules) formed in the amorphous yttria
matrix after & short time at temperature. (2) Further an-
nealing caused roughening or “granularization” of the ma-
trix, i.e., breaking up into regions separated by distinct
boundaries. In the present article, we examine the effect of
lowering the annealing temperature on crystallization and
morphological changes.

A 140 nm-thick amorphous yttria film was grown on
unheated Suprasil fused silica substrates by rf diode sput-
tering 2 99.8% Y target in a Ne-20% O, discharge oper-
ated at 1.0 kY, , as previously described.® The film “aged”
for one year at room temperature in laboratory air before
air anaealing at 700 °C for cumulative lengths of time, ¢, of
0.5, 1.5, 25.5, 73.5, and 145.5 h. After each anneal, the film
was withdrawn from the furnace, cooled in air, and exam-
ined as follows. Morphology was observed with an optical
microscope with a resolution of ~ 100 nm. Crystallogra-
phy was determined by double-angle x-ray diffraction
(XRD) using unresolved CuX, radistion (A =0.1542
nm). XRD peak intensity, position (20 +£0.02°), and full
width at one half of the maximum intensity were mea-
sured. The interplanar spacing d was caiculated from the
Bragg relationship for first order diffraction: A = 2d sin 6.
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Crysullization: After annealing for 0.5 h, two weak,
broad diffraction peaks were detected, corresponding to
{222} and {440] planes of the cubic bixbyte-type yttria
lattice. Pesk intensity was 7% of that obtained from a
crystalline yttria film of the same thickness. Interplanar
spacing was found to be d{222] = 0.304 nm and d{440)
= 0.137 om, equal to that for unstressed bulk cubic
yttria.” There was no further change in intensity or angle
upon subsequent annealing, even after a cumulative time of
145.5 h, showing that crystallization was limited.

Morphology: Before annealing, the films were feature-
less down to the resolving power of the microscope. After
0.5 h at temperature, globules formed in the festureless
matrix. A micrograph taken afier a 25.5 h anneal is shown
in Fig. 1. Unlike a 900 °C anneal,’ no granularization or
other features were observed in the matrix, even after 145.5
h.
An areal counting method was used to measure the
number of globules/area [N ] and the diameter of the larg-
est giobule 2R,,,,, was measured by linear intercept. The
number/volume [N,] was obtained using the following
expression:*

Ny=N /2R, m

2R, is shown as & function of log s in Fig. 2. N,
calculated from Eq. (1), is shown in Fig. 3 as a function of
1. The point on this curve lying against the y axis corre-
sponds t0 0.5 h (1.8% 10° ). A logarithmic time scale was
not used here because we wanted to show the functionality
of Ny(1). It can be seen that the number of globules ini-
tially increases rapidly as a function of annealing time,
then less rapidly, and finally decreases. The functionality of
N (1) is characteristic of a distribution of second phase
particies which nucleate, grow, and finally coarsen st the
expense of smaller neighbors.’ The dominant operative
processes before the N\ versus ¢ curve resches its maxi-
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which the number of supercritical size globules increases
with ¢. These data, shown in Fig. 4(a) as s function of ¢,
follow an Arrhenius curve typical of diffusion-controlled

kinetics'®
dNy/dt = A exp( — ki1). (2)
F10. 1. An optical micrograph of a yttna film annealed in air at 700 *C for »
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coarsening is OCCurring. g °
The globule formation rate, dV,/d!, was determined by >
taking the instantaneous slope at five points on the ¥, % S
versus ¢ cur e for t<55.5 h (2 10° s), i.e., in the region in
(o]
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FiG. 4. (a) Globule formation rate dN,/dt as a function of annealing
F16. 2. The dismeter of the largest globule 2R, 23 a function of anneal- tyme, 1 The sobd curve represents dN/dt = (4 X 10°/ccs)
ing time ¢. xexp{{ — 0.28 x 10~ '/s)r]) determined from (b) In (dN,/d!) va 1.
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FiG. 5. The masimum volume fraction of material transformed into glob-
ules Xy vs annealing time ¢.

A graph of In [dN ,/d!) versus 1, shown in Fig. 4(b), yields
A=4x10°/ccsand k =0.28% 10" */s.

The activation energy Q for globule formation was esti-
mated by combining data for 700 and 900 °C (Ref. 11) and
using the following'%:

"(Q/R”(I/Tl)"(l/rz)]=|ﬂ(fz/(|). (3

where T} = 900°C (1173 K) and T; = 700°C (973 K). ¢,
and I, are the times at which ¥, reaches a mazimum at
each temperature: £,<0.5 h (1.8x 10’ s) at 900°C,'! and
ty = ~55.5h (2 10* s) at 700 °C (Fig. 3). Substitution of
these values into Eq. (3) yields Q = 53 keal/mol (2.31 eV)
using ¢, = 0.5 h; and using a very small value for r,: 0.05 h,
@ =79 kcal/mol (3.45 eV). If globule formation is con-
trolled by diffusion of a single species, then, from the above
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calculation, we conclude that the activation energy is close
to tlr;al for Y diffusion in bulk crystalline yttna, Q = 3.48
ev.

Last, the maximum volume fraction of materiai trans-
formed into globules X, was determined using
X, = (47R},,)/3)N . These data, presented in Fig Sasa
function of 1, show that 18% of the matrix was trans-
formed into globules after 145.5 h at temperature.
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Cyclic annealing-inducecd microstructural and crystallographic changes

in crystalline yttria films on silica
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A cyclic air-annealing study of crystalline yttria films sputter deposited on fused silica is
reported here. The results show major microstructural instability after a short ime (0.5 h) at

temperature

(700°C), involving localized stress relief as the film undergoes biaxial

compression —tension during a heating—cooling cycle. Long-term cyclic annealing causes
delamination by interfacial bubble formation and explosion. Accompanying crystailographic
changes are discussed. The results are compared with those for amorphous yttria-on-silica, in
which stress relief is entirely bv hillock formation, growth, and coalescence.

Very large scale integration (VLSI) architecture calls for
high dielectric constant (¢€) thin film insulators.’ Yttria,
with € = 13-17,% compared to 3.9 for SiO,, is a good
candidate. Processing of insulating films in VLSI appiica-
tions often involves heating, as both postdeposition anneai-
1y 10 a controlled environment to further increase ¢,* and
cyclic heating dunng device operation. Therefore, micro-
structural and crystallographic integrity of a pi .pective
insulator is of major concem.

Amorphous stoichiometric yttria films sputter deposited
on silica were found to be stable after cyclic air annealing
at 500 °C.* Cyclic air-annealing at higher temperature, in
the 700-900 °C range,®’ showed that crystallization was
limited. However, several microstructural char.zes oc-
curred, the most pronounced of which was the nucleation,
growth, and coalescence of globules in an otherwise
smooth matnix of material. An Arrhenius curve for the
globule formation rate yielded an activation energy in the
range of 2.31-3.45 eV,

Here, we report the effect of cyclic air annealing on
crystalline yttria-on-silica for up 10 145.5 h (5.24x 10° s)
at 700 °C. This temperature was chosen because it is inter-
mediate between one (500 °C) at which no microstructural
change occurred and another (900 °C) at which there was
total disintegration of the film even after short term
annealing.’ The microstructural changes reported below
associated with stress relief in crystalline yttria are different
than those in the initially amorphous material, and involve
hillock formation, tearing, interfacial bubble formation,
and bubble explosion.

The crystalline yttria films were grown as previously
described*'® near-room temperature on Suprasil 11 fused
silica substrates. A rf diode apparatus was used to sputter
299.8% Y targetin a 1 X 10~ ? Torr, Ar-20%0, discharge
operated at — 1.5 kV (peak-to-peak). The films had
““aged™* for one year at room temperature in laboratory air
before the annealing study was begun.

The films were annealed in air at 700 °C for cumulative
time periods of 0.5 h (1.8 10° s), 1.5h (5.4% 10° ¢), 25.5
h (9.18x10* 5), 73.5 h, (2.65x10° s) and 145.5 h
(5.24% 10° s). After each period. the film was withdrawn
from the furnace, cooled in air, and examined. Optical
(OM) and scanning electron (SEM) microscopy were
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used to observe microstructural changes. Because of the
insulating nature of both film and substrate, sample charz-
ing was a major problem in the SEM. The samples were
therefore coated with carbon to improve conduction before
examination.

Crystallography was determined by double-angle x-ray
diffraction (XRD) using unresolved CuX, radiation (A
=0.1542 nm). The diffractometer was calibrated using
the (01.1) diffraction peak of a polycrystalline quartz stan-
dard at 20 = 26.66 +0.02° whose width wa: 0.26". XRD
maximum peak intensity, position (20+0.02°), and full
width at one-half of the maximum intensity (FWHM)
were measured. The interplanar spacing d was calculated
from the Bragg relationship for first order diffraction: 4
= 2d sin ©. The minimum crystallite size D was calcu-
lated using the Scherrer equation:'' D = 0.9/B cos ©,
where B is the peak width corrected for instrumental
broadening.

Microstructure: Before annealing, the film had a smooth,
featureless surface. Annealing for 0.5 h resulted in the for-
mation of holes over the entire surface, as shown in Fig. 1.
Adjacent to many of the holes were flakes, irregularly
shaped pieces of material that appeared to have been
pushed out of the film, as shown in the insert in Fig. 1. The
density of holes + flakes was ~ 5X 10%/cm® This mor-

1
8|.|m_

FiG. 1. OM image of a crysuiline ytina film on fused silica anmealed in
air 8t 700°C for 0.5 h. Insert shows SEM image of the hole + flake
morphology.
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FIG. 2. OM image of a crysialline ytina film on fused sihica annealed 1n
air at 700°C for 25.5 h showing a circular region 1n which delamination
has assumed.

F1G. 3. (a) OM image of a crystalhine vtiria film on fused silica annealed
n air at 700°C for 145 3 h showine cnlargement and explosion of the
circulae regron. 1h) SEM imuee <bowing exploded morphology
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F1G. 4. A drawing showing the effect of cyclic annealing on biaxial stress
in the film, and the formation of (a) mounds upon heating from 25 to
700°C, and (b) holes + flakes upon cooiing down 700 to 25 °C.

phology did not change after a 1 5 h anneal. Increasing the
annealing time 0 25.5 h brought about an additional
change: large circular regions ( ~ 140 um average) formed
in which the film delaminated from the subetrate (Fig. 2).
After 145.5 b, the circular regions enlarge. (~160 um
average) and exploded [Figs. 3(a) and 3(b)}.

The hole + flake morphology can be understood in
terms of the difference in the thermal expansion coefficients
of yttria [8x10°%* mm/(mm°C)] and fused silica
{0.55 10~ ®* mm/(mm ‘C)]. A thin film with a larger co-
efficient of thermal expansion than that of the substrate is
subjected to biaxial compression parallel to the substrate
plane during heating. The residual stress in the film upon
heating from 25 to 700 °C was calculated from'?

(py=£5£yAaAT/{(l—V)[Es+2£y(ly/!5)’}. (1)

where Eg and Ey are the Young's moduli of fused silica
and yttria, respectively, Aa is the difference between the
thermal expansion coefficients of yttria and fused silica, AT
is the difference between annealing temperature and room
temperature, v is the Poisson's ratio of yttria, and ¢y and #
are the thickness of the film (70 nm) and substrate, respec-
tively. The bulk matenal constants at ambient temperature
were used. The calculated residual stress in the film is
huge, ~ 1250 MPa.

Stress relaxation occurs upon heating, but this can be on
a local scale, analogous to hillock formation in low melting
point metal films heated from liquid nitrogen at room
temperature.'’ Localized stress relaxation is the driving
force for atomic flux to regions of lower compressive stress.
A mound forms, as schematically shown in Fig. 4(a).
Mounds are stress-free or tensile-stressed regions present in
the films at 700 °C.

During the rapid cooling part of the cycle, the film is
under biaxial tension because it shrinks faster than the

M 4
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TasLE . X-ray diffraction for annesled yttna-on-silica.

Anneal din FWHM* Crystalhite

Cycle tume(h) (nm)® 1." (deg) size v (nm)
1 0 0.307 10027 091 12.7+0.4
2 0.5 0.306 160x7 0.65 PARE RN
3 1.5 0.306 1836 £24 0.65 21.2%x1.1
4 25.5 0.306 199+23 0.59 249+16
b 738 0.306 1828 0.58 257217
6 145.5 0.308 192 14 0.57 25.7x1.7

*£0.001 nm.

®Arbitrary units.

£+0.02"

substrate. The mound, because of its reduced compressive
stress at higher temperature, is in a greater state of tension
than the surrounding matrix upon cooling. Tearing (hole
formation) either within the mound or at the mound/
matrix interface occurs, as schematically shown in Fig.
4(b). We propose that the flakes associated with holes in
the room temperature microstructure after cyclic anneal-
ing are debris formed frorn: the mounds themselves.

The process of mound formation at high temperature
descnbed here is equivalent to the previously described
globule formation in amorphous yttria.” Even the density
of holes in amorphous yttria and globules in crystalline
yttria is approximately the same. In amorphous yttria,
however, no film tearing occurs upon cooling, and the
globules, or hillocks, grow during the next temperature
cycle. Globule growth appears to be frustrated in crystal-
line yttria by tearing of the film upon cooling; stress ralief
during extended heating occurs by delamination.

Crystallography: X-ray diffraction data presented in Ta-
ble I show that the naturally aged film had a preferred
(111) orientation, as evidenced by a single diffraction peak
corresponding to {222} planes of the cubic bixbyite-type
yttria lattice. The interpianar lattice spacing (d) was 0.307
+0.001 nm, greater than that (0.304 nm) for unstressed
bulk yttria.'*

There was no change in the preferred (111) orientation
after annealing for 145.5 h. The maximum intensity of the
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{222} diffraction peak increased after annealing for 0.5 h,
indicating better alignment with the substrate normal, and
then became constant within experimental error. Anneal-
ing had no effect on the lattice spacing up to 73.5 h which
equaled the bulk value after 145.5 h. The peak width
(FWHM) decreased significantly from 0.91° to 0.65° after
a 0.5 h anneal. Subsequent annealing resulted in a marginal
decrease of FWHM. The minimum crystallite size, calcu-
lated from {222} reflections was 12.7+0.4 nm before an-
nealing and increased to 21.1= 1.1 nm after a 0.5 h anneal.
Increasing the annealing time up to 145.5 h resulted in a
minimum crystallite size of 25.7 + 1.7 nm. A comparison of
microstructural and crystallographic changes shows that
the orientation of crystallites improves as a response to
annealing, at the expense of the film’s mechanical integrity.
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CATHODE VOLTAGE-GAS COMPOSITION-FILM
CRYSTALLOGRAPHY RELATIONSHIPS FOR SPUTTER-DEPOSITED
VANADIA (V,0,)

CAROLYN RUBIN AITA, LI-JONG LIOU, CHEE-KIN KWOK, RAY C. LEE AND ELZBIETA
KOLAWA®*

Materials Department, Umversity of Wisconsin— Milwaukee, PO Box 784, Milwaukee, W1 5320]
(US.A

Films were grown by r.f-excited reactive sputter deposition on (111)-cut
silicon substrates using a vanadium target and O,-bearing discharges containing
0%-98% argon operated at four values of cathode voitage. The 4111.6 A emission
line intensity from neutral excited vanadium atoms in the discharge was monitored
by optical spectrometry, and these data were used to detect target surface oxidation.
The region of cathode voltage-gas O, content space over which crystalline vanadia
was produced was defined. All crystalline vanadia grew with vanadyl oxygen layers
oriented parallel to the substrate (b axis normal). The interlayer spacing b varied
from less than to greater than b, the value for bulk vanadia. An oxidized target
surface was a requirement for an interlayer spacing b > b, but not a guarantee of it.
As the cathode voitage decreased, the critical gas O, content at which the target
surface became oxidized was shifted to lower values and the critical gas O, content
at which b > b, was shifted to higher values, opening up a region in which crystalline
vanadia with b < b, and short-range order vanadia were produced from an oxidized
target surface.

1. INTRODUCTION

Vanadia, chemically V,0,, is a wide band gap semiconductor at room
temperature with an orthorhombic lactice structure with bulk parameters a,
= 11.519A, by = 4373 A and ¢, = 3.564 A'. The extended space lattice consists of
alternating layers of vanadium plus oxygen atoms and oxygen atoms (vanadyl
oxygen) alone oriented parailel to the b axis or (010) crystallographic direction?-’
as shown in Fig. 1. Bonding along the (010) direction is weak®. The interlayer
spacing b of sputter-deposited vanadia was previously found to vary as a function of
Ar-0, discharge composition®~'f and this variation was relatec to defects in the
vanadyl oxygen layer!?,

Vanadia is an interesting technological matenial. Differences in the interlayer
spacing, reflecting differences of atomic arrangement in the vanadyl oxygen layer,

* Pennanent address: Califorma Insttute of Technology. Pasadena. CA 91125, US.A.

0040-6090/90/53. 50 T Elsevier Sequoia/Printed in The Netherlands
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Fig. I {a) The eflecuve fivefold coordination of vanadium with oxygen in the perfect vanadia lattice.
Dark circles represent vanadium atoms; whute circles represent oxygen atoms. O, . vanadvl oxygen: Oc.
chain ovygen: Oy, bridge onygen Bond lengths are shown n angstroms. (bl A projection of the 1001}
plane. 1<) One possible type of atomic disorder that affects the interlayer spacing b a vanadyi oxygen
vacancy (Fromref 12}

tead to matenals for different applications. Bulk and thin him vanadia with vanaayt
oxygen vacancies th < by) have historicaily been used as an oxidation catalyst!? 8.
The opticai transmission characteristics of thin film vanadia with b > 6% 'Y make it
& candidate for a solar cell window. In addition. vanadia, like other vanadium
oxides. undergoes a semiconductor —metal phase transition, apparently independ-
ent of crystallographic order. A transition was measured in amorphous vanadia
films from a resistivity change at 525-53%.{ and thermally activated electronic
switches were fabricated' ™. Very recently -5, a semiconductor ~metal phase tran-
sition was measured in crystailine vanadia films at $31 K (film 6 in the p-osend study).

We examine below the effect of Ar-O. gas composition at four values of
cathode voltage on the crystallography of sputter-deposited vanadia. Gas compo-
sition and cathode voltage are independent process parameters. The goal is to
determine (1) the field in cathode voliage-gas composition space within which
vanadia with long: range crystallographic order is produced and (2) the change in
vanadia interlayer spacing within this field.
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2. EXPERIMENTAL PROCEDURE

2.1. Filmgrowth

A liquid-N ,-cold-trapped. hot-oil-diffusion-pumped. r.f-excited planar diode
sputier deposition system was used to grow the films. The target was a 99.7°,
vanadium disc 12.7cm in diameter bonded to a water-cooled copper cathode. The
substrates were (111)>-cut silicon wafers placed on a water-cooled copper anode.
The anode-cathode spacing was Scm.

The chamber was evacuated to 6.65 x 10 ®Pa (5 x 10~ " Torr) before back-
filling with sputtering gas. With a shutter covering the substrates. a two-step pre-
sputter procedure was carried out in which the target was sputtered in argon for
20min and then for an additional 20mun in the Ar-O, gas mixture used for the
actual deposition, after which the shutter was opened. The total gas pressure was
measured with a capacitance manometer and kept constant at 1.33Pa
(1 x107*Torr). 99.999°, pure argon and 99.997°, pure O, were used. Each
component was introduced separately into the sputtering chamber. Ar:0, ratios
from 0:100 to 98:2 were established using an MKS Baratron Series 260 control
system, Model 258 flow transducers and Model 248A solenoid control valves. The
peak-to-peak cathode voltage V, was varied from — 1.4 to —20kV. Specific
deposition conditions are recorded in Table [.

In a separate experiment a model HR320 Instruments SA optical spectrometer
capable of 0.5A resolution was used for opticai emission discharge diagnostics.
Radiation emutted from the region between the anode and cathode was sampled as a
function of wavelength through a window with a transmission cut-off of 3.2kA. The
window was shuttered when not in use and was also periodically removed from the
chamber and its transmission characteristics checked by spectrophotometry for
intensity changes caused by coating with sputtered flux during the experiment. The
emission intensity /(V*) from an opuical transition of the neutral vanadium atom at
~#=4111.6 A was monitored'®. Changes in /(V*) are related to changes in the
aumber of vanadium atoms in the discharge and to the formation of an oxide layer at
the target surface®.

2.2. Post-deposition film analysis

The filin thickness was determined using a profilometer to measure the height
of a step produced by masking a region of the substrate during deposition. The
growth rate was determined by dividing thickness by deposition time. Film
thickness and growth rate are recorded in Tabie I.

The crystallography was determined by double-angle X-ray diffraction (XRD)
using CuKz radiation (/. = 1.5418 A). The peak position (26), intensity and full
width at half maximum intensity (FWHM) were measured. The diffractometer was
calibrated using the [0101} diffraction peak of a quartz standard at 20 = 26.66
+0.02" whose width is 0.18". Rutherford backscattering spectroscapy (RBS) using
2MeV He®* ions was carnied out on seiected films to determine the relative atomic
¢oncentration of vanadium and oxygen( + 10°,).
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TABLEI
CONDITIONS USED TO SPUTTER DEPUSIT YANADIA AND VANADIUM OXIDE HEMS ON (L[S
Film Cathode vo{tage Gus O, Growth rate Thickness
-V %) tAmin ) kA)
1 20 2 67 3o
2 20 4 65 28
3 20 6 56 25
4 20 10 53 24
] 20 15 “ 20
& 20 25 41 19
7 20 100 M 1.6
L} 18 2 ] 28
9 8 4 47+9 21404
10 18 6 A 23
il 18 10 44 20
12 18 15 39 1.7
{3 i8 5 27 12
14 18 100 23 10
15 16 2 5418 24102
16 16 4 47 21
17 16 6 40 18
18 16 10 38 17
9 16 13 3 1.5
N 16 25 24 11
M 16 100 X 09
2 14 2 - -
AR (R 4 - -
24 14 6 -
S 14 10 : -
26 14 15
27 14 hi - R
28 14 100 - -
3. mesuLTS

The rf forward power and growth rate arc shown as a function of gas O,
vontent in Figs Jaland bl respectively. Figure 2ic) shows /(V*) as a function of gas
O, content for different values of V.

Two types of crystallographic results were obtained by XRD. Films either
showed diffraction only from 010} vanadia planes (b axis normal to the subsirate)
or did not praduce a diffraction pattern. The latter films were designated “short-
range order ISRO) vanadium oxide™. The region of cathode voltage-gas O, content
space over which each type of film was produced is shown in Fig. 3. The results
previously obtained'' by sputtering a venadium target 7.6cm in diameter at

- 2.2kV are included in Fig. 3. The interlayer spacing b of the crystalline films was
calculated by substituting the vanadia !010} XRD peak position into the Bragg
equation for first-order diffractron, 4 = 2bsiné. b, FWHM and the intensity of the
vanadia ;010) XRD pezk are shown in Figs. 4a)-4(c) respectively as a function of
gas O, content.
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big 2 (4) The rf forward power in the discharge. (b) the him growth rate and (<) the optical emission
intensity at 4111 6 A from excited neutral vanadium atoms in the discharge as a function of gas O,
content for different values of cathode voltage.

In a preliminary examination of the film chemistry, RBS was carried out on four
films grown at — 1.6k V: films 15 and 17, which are SRO vanadium oxide. and films
18 and 20, which contain crystalline vanadia. Tue results show that within
cxperimental uncertainty ali of these film= «-_ caemically V,0;.
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Fig. 3. A “phase diagram” in gas O, content—<athode voltage space showing regions in which short-
range order vanadium oxide (tnangles) and crystafline vanadia (ovals) with the b axis normal (o0 the
substrate plane are formed. The solid line defines the boundary between crystalline and non-crystalline
phase regions. Curve (1) represents the gas O, content-cathode voltage coordinates at which the target
surface becomes oxidized. Curve (2) represents the lowest gas O, content for a particular cathode voltage
for which b > b,

4. DISCUSSION

4.1. Growth parameters and discharge characteristics

It is welt known that when a metal target 1s sputtered in an O,-bearing
discharge the target surface may become oxidized. In general. the flux sputtered
from an oxidized target surface consists of both uncharged metal atoms and metal
oxide molecules sputtered intact?®. In the case of the V-O system studied here, the
reduction of /(V*) to a vaiue equal to the background noise {approximately 120
counts) at a cnitical gas O, content. as shown in Fig. 2(c), indicates that vanadium
atoms are no lonzer detectable in the sputtered flux. Vanadium is transferred from
the oxidized target surface to the substrate in molecular form bonded to oxygen. It
can also be seen from Fig. 2(c) that the critical gas O, content at which /(V*)
vanishes increases with increasing V.. This phenomenon has been reported for other
target materials sputtered in argon containing small amounts of O,?' and is
attnbuted to increased dissociation of the target surface oxide under bombardment
by more energetic Ar * ions (the majority sputtzring species) as ¥ is increased.

It can be seen from Fig. 2(a) that the discharge power is constant for all values of
V, from 100°, argon to 100°, O,, indicating that the deposition apparatus
impedance remains unchanged even after a target surface oxide has formed. The
cnterion of a target surface oxide with metallic behavior is easy to satisfy in the V-O
system. Several vanad:um oxide phases are metallic conductors (VO, V,0;, V,0,,)
at room temperature??, and even semiconductor phases YO, and V,0, undergo
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Fig. 4. Vanadis crystailography: (a) interlayer spacing b.(b) {010} diffraction peak FWHM and (c) {010}
peak masimum intensity as a function of gas O, content for different values of cathode voitage.

metallic transitions at relatively low temperatures (341 K** and approximately
SI0K'7-1¢ respectively) compared to the temperature probably attained locally at
the target surface due to the sputtering process.

It can be seen from Fig. 2(b) that a significant decrease in growth rate occurs as
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the sputtering gas O, content is increased from 2°; to 25°;, the precise explanation
for which is left for future determination. In general, factors responsible may include:
(1) a decrease in the sputtering yield due to the formation of a target surface oxide
that is a better “barnier” to sputtering by Ar* than vanadium metal?*-33 or has a
lower density than vanadium metal®*; (2) a decrease in the number of Ar* species in
the discharge?®; and (3) the more efficient sputtering ability of Ar* compared to
0,".

4.2 Film crystallography

[t can be seen from Fig. 3 that the lowest gas O, content at which vanadia with
long-ra: se crystatlographic order is formed increases with decreasing V.. It can be
seen «rom Fig. &a) that ihe interlayer spacing ot vanadia formed at fow gas O,
content is less than by. b increases to above b, as the gas O, content is increased. The
lowest gas O, content at which b > b, is also dependent upon ¥, and in general
increascs with increasing 17

For films grown in gas Ar- < 25%,0,, an increase in b is accompanied by (1) an
increase in FWHM (Fig 4b)), indicating an increase in random strain and/or
decrease in crystallite size, and (2) an increase in peak intensity (Fig. 4(c)), indicating
an increase in the number of {010} diffracting planes oriented parallel to the
substrate plane. However, in spite of its increase, the peak intensity for these films is
low, suggesting (1) poor alignment of {010} planes with the substrate plane and (2)
the presence of SRO vanadium oxide (amorphous and/or microcrystalline of
undetermined orientation) as an additional phase. RBS results show that in films 18
and 20, if SRO vanadium oxide is present in addition to vanadia, its V:O atomic
concentration is within + 10°; of V,0,. Films grown in 100°;, O, have b > b, and
arecrystallographicaily more ordered than films grown in Ar~ < 25°,0,; their XRD
patterns show a large {010} peak intensity and a smaller FWHM.

Data from Figs. 2(c) and 4(a) are superimposed on the “phase diagram™ in Fig.
3, by curves representing (1) the lowest value of gas O, for which b > b, and (2) the
value of gas O, at which the target surface becomes oxidized. Previous data from
refs. 9 and 11 show that curves (1) and (2) coincide for V, = —2.2kV. The data
presented here show that these curves diverge with decreasing V.. An oxidized target
surface is a requirement for an interlayer spacing b > b, but not a guarantee of it. As
V. isdecreased from - 2.2to — 1.4k V, the critical gas O, content at which the target
surface 1s oxidized is shifted to lower values and the critical gas O, content at which
b > b, is shifted to higher values, opening up a region in which crystalline vanadia
with b < b, and SRO vanadia are produced from an oxidized target surface.
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Annealing response of disordered sputter deposited vanadium pentoxide
(V205)
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We report the response to isothermal, low temperature (280 °C) annealing in air for up to 60 min,
in terms of changes in crystallogranhy and optical absorption coefficient a( £) of two types of
sputter deposited, disordered vanadium pentoxide; (1) an amorphous film and (2) a single
(010)-crystallographic orientation film in which the interlayer spacing b is slightly greater
(0.03% ) than b,, the ideal value. It was found that Jow temperature annealing does not crystallize
amorphous vanadium pentoxide, and that no change occurs in a( E) in the charge transfer region
E5>~2.5 eV. The Tauc nondirect optical band gap £ = 2.34 ¢V. However, the low energy
absozption tail present in the as-grown amorphous film disappears upon annealing, attributed to
the elimination of V * ¢ sites. On the other hand, annealing crystalline vanadium pentoxide causes
crystallographic changes, the interlayer spacing expands, and concurrently, a(E) in the charge
transfer region, £52.6 ¢V, increases. In agreement with a recent theoretical band calculation and
single crystal data, the indirect optical band gap £, = 2.36 eV for both as-grown and annealed

crystalline vanadium pentoxide.

I. INTRODUCTION

Vanadium peatoxide (V,0,), is a wide band gap semicon-
ductor at room temperature with an orthorhombic lattice
structure with parameters a, = 11.519, b, = 4.373, and
o= 3.564 A.' The extended space lattice consists of alter-
nating layers of V 4 O atoms and O atoms (vanadyl O)
alone oriented parallel to the b axis or (010) crystallograph-
ic direction. Bonding along the (010) direction is weak.®

In a series of experiments®'? in which films were grown
from a vanadium target sputtered in Ar-O, discharges, we
previously related long range atomic disorder in near room-
temperature sputter deposited vanadium pentoxide to the
process parameters gas O, content and cathode voltage V.
Using optical emission spsctrometry for in situ discharge
diagnostics, we identified key species in the growth environ-
ment whose relative flux to the substrate strongly affected
film crystallography and stoichiometry. Two important fac-
tors in the growth environment were found to be: (1) the V
atomic/V-oxide molecular flux that arrived at the substrate,
and (2) the amount of oxygen in the discharge sfter the
surface of the target had become oxidized and its ability to
getter oxygen from the discharge volume had stopped. In
terms of process parameter-film structure relationships, a
“phase diagram™ for vanadium pentoxide not grown under
conditions of thermodynamic equilibrium was developed, '?
in which changes in long range atomic order structure were
mapped onto gas O, content- ¥ space. All crystalline vans-
dium pentoxide, grown on a variety of substrates including
(111)-cut Si, fused SiO,, laboratory glass, and (0001)-cut
AL O,, was found to have solely & (010) orienta: .., that is,
the b exis in all crystallites was oriented perpencicular to the
substrate plane. The interlayer spacing b however, took on
values from 4.36 to 445 A (the deviation from ideal
o= Ab = {(b — by)/bg} = —0.003 to + 0.018). In addi-
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tion to disorder in interlayer spacing, films with no long

£

range atomic order were also produced. 1

Each form of vanadium pentoxide has technological inter- *
est. Bulk and thin film vanadium pentoxide with vanady! O:
vacancies (b < b,) has historically been used as an imp«
catalyst for the oxidation of hydrocarbons'>'* and the re-
duction of nitric oxides.'® The optical transmission charac- -
teristics of thin film vanadium pentoxide with &> 5*'°
make it a candidate for a solar cell window. Crystalline vana-
dium pentoxide films of undetermined interplanar spacing
have been used as the intercalation counterelectrode in elec- :
trochromic cells.®*' Amorphous vanadium pentoxide has
been studied for its semiconducting behavior arising from |
hopping of unpaired electrons between V atoms in + Sand |
+ 4 valence states.>® In addition, a phase transition at
250-260 °C, with an accompanying change in electrical re-
sistivity has been reported in amorphous vanadium pentox-
ide, and thermally activated electronic switches were fabri- ,
cated M

We have previously studied?® low temperature (280°C)
oxidation of films in which b < b, and related changes in
crystal structure and optical sbsorption behavior first to
annhilation of VO,, growth faults, and after a longer timeat '
temperature, of vanadyl O vacancies. In the following paper,
we investigate the low temperature, isothermal annealing
response, in terms of changes in crystallography and optical
absorption behavior, of two types of disordered vansdium
pentoxide structure: (1) an amorphous fiim, and (2) a film
in which b, is slightly greater than b,(Ab = + 0.003).

. EXPERIMENTAL PROCEDURE

A. Film growth
A liquid N,-cold trapped, hot-oil diffusion pumped, ra-
dio-frequency (rf)-excited planar diode sputter deposition

@ 1901 American Vesuum Soclety 542




543 J. Luksich and C. R. Aita: Disordered sputter deposited V,0,

s'ys;emwasusedtogrowlheﬁlms.Themgctwasa 12.7
tm diam, 99.7% V disc bonded to a water<cooled Cu cath-
‘ode. The substrates, laboratory glass slides and carbon rib-
pbon, were placed on a water-cooled Cu anode. The anode-
cathode spacing was 5 cm.

The chamber was evacuated to 5 10-" Torr before
packfilling with sputtering gas. With a shutter covering the
substrates, a two-step presputter procedure was carried out
in which the target was sputtered in Ar for 20 min, and then
for an additional 20 min in the Ar-O, gas mixture used for
the actual deposition, after which the shutter was opened.
The total gas pressure was measured with a capacitance na-
‘ometer and kept constant at 1 X 10~? Torr. 99.999% pure
Ar and 99.997% pure O, were used. Each component was
introduced separately into the sputtering chamber. Ar:O,
ratios of 98:2 and 90:10 were established using 8 MKS Bara-
tron Series 260 control system, Model 258 flow transducers,
and Model 248 A solenoid control values. The discharge was
operated at Vo = — 1.6 kV (p—p), corresponding to 250 W
of forward discharge power.

i

B. Post-deposition film analysis

Film thickness was determined using a profilometer to
measure the height of a step produced by masking a region of
" the glass substrate during deposition. Growth rate was de-
termined by dividing thickness by depusition time. Film
thickness and growth rate are recorded in Table 1.
", The crystallography of films grown on glass was investi-
gated by double-angle x-ray diffraction (XRD) using Cu Ka
- radiation (4 = 1.5418 A}. Peak position (26) and full width
" at one-half of the maximum intensity (FWHM ) were mea-
. sured. The diffractometer was calibrated v _.ag the {0101}
diffraction peak of a quartz standard at 2 © = 26.66" + 0.02°
whose width is 0.23°. Rutherford backs- :ttering spectrosco-
py (RBS) using 2 MeV He * ? ions . 45 carried out on films
grown on carbon ribbon to dete .ine the relative atomic
concentration of V and O ( - 10%).

The optical transmittance T and reflectance R of near-
normal incident radiation of films grown on glass was mea-
sured with a Perkin-Elmer Model 330 ultraviolet (UV)-
visible-infrared (IR) double beam spectrophotometer.
Measurements were made in laboratory air at room tem-
perature. Reflectance measurements were made relative to a
protected Al mirror. The absorption coefficient a was calcu-
lated as a function of incident photon energy E from the
expression,?® ’
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T=[(1=R)exp( —ux)]/[1 — R?exp( — 2ax)].
n

C. Heat treatment

Samples on glass were anneaied in 2 46 cm long Lindbergh
tube furnace with both ends open to ar. A Fluke digital
thermomerer with a type K thermocouple was used to cali-
brate the furnace to + 2.0 °C. Samples were placed in the
furnace at 280 °C for 30 and 60 min. Samg' ss were then with-
drawn from the furnace and cooled in laboratory air. XRD
and optical transmission and refiection data was taken after
each anneal.

itl. RESULTS
A. Chemistry and crystallography

Rutherford backscattering spectroscopy results, recorded
in Table I, show that the V:O atomic ratio in both as-grown
films are, within the + 10% accuracy of the measurement,
stoichiometric (0.36<V/0<0.44).

X-ray diffraction results are recorded in Table I1. Film A
as-grown and annealed up to 60 min showed no diffraction
peaks, indicating an absence of long range atomic order.
Film B as-grown and annealed up to 60 min showed diffrac-
tion solely from {010} V,0; planes, with Ab increasing from

+ 0.003 to 0.026 as a function of annealing time. An in-
crease in FWHM accompanied the increase in Ab. An in-
crease in FWHM indicates an increase in random strain
(larger distribution of b values) and/or a decrease in crystal-
lite size.

B. Optical absorption behavior

The visual appearance in transmitted light of as-grown
film A was transparent green. As-grown film B and all an-
nealed states of films A and B were transparent yellow.

The optical absorption coefficient a(E) is shown for val-
ues »>10° cm ~! in Figs. { and 2 for all as-grown and an-
nealed films. Values of a(E) < 10° cm ~' were excluded be-
cause they represent possible absorption and scattering due
to film morphology, for example, at crystailite boundaries or
other internal surfaces, and not representative of changes in
V-0 bonding that we are attempting to probe by examining
changes in a(£).

Included in Figs. 1 and 2 are data for single crystal V,0,"’
with the electric field vector E of the incident radiation par-

TasLE 1. Deposition parameters, film thickness, and V:O atomic ratio® for sputter deposited vanadium pen-

tonide,
Gas Ve Powgr Rate Thickness v/0
Film %0, (—kVpp) (W) (A/mmn) (kA) a %
A 2 -16 250 a4 s 17 0.36
8 10 -16 230 84S 06 0.38

‘Determined by RBS ( 1 10%).
*Ervor represents two standard deviations from the mean.
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TasLell xRDpukpouhon(za) mterhyerspacm;(b) A (6 - by/by). and half-width (FWHM ) of as-

deposited and led sp P dium pentoxide.

f FilmA

1. As deposited: No diffraction peaks

2. 280 °C/30 min: No diffraction peaks

3. 280 °C/60 min: No diffracuon peaks
i FilmB 20(deg)* 5(A) abd FWHM (deg)*
1. As deposited: 2024 + 0.02 4.387 + 0.004 +0.003 0.48 + 0.07
2. 280 °C/30 min: 20.00 ¢ 0.01 4.439 + 0.002 + 0015 0.50 + 0.03
3. 280 °C/60 min: 19.78 + 0.03 4.488 + 0.006 + 0.026 0.55 + 0.02

* Error in all values represents two standard deviations from the mean.

alle] to the @ and c¢ crystal axes. Because of difficulties in
growing single crystal V, 0, of sufficient thickness parallel to
the b crystal axis, no data for El|b were available. The data
for a1l single {010} orientation films in this study were taken
with E|l, a consequence of the fact that fihns grow with
layess parallel w the substrate. Therefore, when comparing
film and single crystal data, the difference in geomciry, and-
hence possible anisotropic optical behavior, must be kept in
mind.

IV. DISCUSSION

A comparison of the crystallographic data presented in
Table II and optical absorption data presented in Fig. 1
shows that annealing amorphous film A at 280 °C for up to

A [nm}

700 600 500 400

el

4

Iw

a [cm-1)

“ﬂ /—’\/ -mmJ
~ SRR
5
E [eV)

FiG. 1. The optical absorption coeficient a( £) as a function of incident
photon energy for Alm A, as-grows aad annealed for 30 and 60 min at
mt&a;km'—t-mauhﬂandnknfm
Kenny e al.*’
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60 min does not cause crystallization, but does change its
optical absorption behavior. It can be seen from Fig. 1 th .,
as-grown film A shows considerable absorption throughor

the visible spectral region, with a(£) = ~10*cm ~' from
1.5-2.5eV (4 = 0.7-0.5 um). A sharp increase in a(F) oc-
cursat ~2.5eV. A low energy tail on the optical absorption
edge has beew. previously reported in crystalline sputter de-
posited V,0; containing V **.'%2* Ip the case of crystalline
V,0,, V** sites were created during growth, concurrent
with creating vanadyl O vacancies. In the case of as-grown
flm A, it is possible that V** sites arise from the general
disorder of the amorphous material. In fact, a( E) for amor-
phous, stoichiometric V,0; films grown by a sol-gel tech-
nique shows absorption associated with V * ¢ sites through-
out the visible and near IR spectral regions.’>** The region

A (rm]
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10
B 1o
Ko}
* d
1
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20 25 3o 35
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F1G. 2. The optical absorption coefficient a(£) as a functioa of incident
photon energy for ilm B, as-grown and annesled for 30 and 60 min at
Zwt&-deammnampamunhlkudﬂcnﬁw
Kenny et al.”
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“of the a(E) versus E curve above '~2.5 ¢V is the charge

;tnnsfer region .[10] in which optical absorption is dus 20

: valence ~conduction interband electronic transiti.7.s. An-
nealing at 280 °C for 30 min eliminates the low energy tail,
presumably by elimination of V ** sites, which is observed
by the naked eye ~s a color changs of the film from green to
yellow. Annealing for 60 mix causes a discrete, low intensity
band centered at 1.75 ¢V to develop. Data for film A as-
grown and annealed at 25 °C are coincident in the charge
transfer region.

The data near the onset of the charge transfer region
(E = ~2.5-3.2 ¢V) for all states of film A were analyzed
using the Tauc model®* for an amorphous semiconductor to
obtain a nondirect optical band gap E ' defined by the follow-
ing equation

(a(EYE)*=C[E-E'). (2)

Extrapolation of the data to a(£) = O, as shown in Fig. 3,
yields £’ = 2.34 V.

It can be seen from Fig. 2 that, unlike film A, as-grown
film B has a sharp optical absorption edge with an onset at
2.5 eV and a change in slope marking the beginning of the
charge transfer region at 2.6 eV. Annealing for 30 min at
280 *Cincreases a( E > 2.6 eV), indicating an increase in the
joint density of states at the band edges. Anncaling for 60
min produces no further change.

A recent?® theoretical linear combination of atomic orbi-
tals calculation based on the orthorhombic vanadium pen-
toxide unit cell predicts an initial indirect interband transi-
tion. We therefore fit the data for film B to the following
equation, which defines an indirect band gap £, in a crystal-
line sglid:>®

a(E)'*=D[E-E,]. (3)

Extrapolation of the data to a{ E£) = O, as shown in Fig. 4,
yields E; = 2.36 ¢V for both as-grown and annealed film B.

Single crystal data?’ for a( E) in an available limited ener-
gy range, 2.3-2.8 ¢V, shows a sharp absorption edge with an
onset at 2.3 ¢V and a change of siope at 2.45 eV. An carly
calculation based on an initial forbidden direct interband
transition (without theoretical basis) was previously used to
determine the single crystal band gap, and the values for Ejja
and Eflc were 2.34 and 2.36 eV, respectively. There is an
{a(E)E}Y? dependence on E for a forbidden direct transi-
tion. Reevaluation of the single crystal data in light of the
recent theoretical calculation, using Eq. (2), yields the same

FIG. 3. a( E) data near the onset
of the charge transfer region for
ali states of film A anaiyzed using
the Tauc model™ for an amor-
phous semiconductor to obtain a
nondirect optical band gap £ * de-
(1 fined in Eq. (2). Extrapolstion
10 alE) =0 yelds E' =234
eV. Circles as-grown,
quares—30 min annesl, tnan-

gles—60 min anneal.
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¢ 4 FIiG. 4. a(E) data near the onset
of the charge transfer regwn for
all states of film B analyzed using
o ° 9 Eq. (3) to sbtain an indirect op-

tical band gap £,. Extrapolation
/ 0 a(E) =0 ywlds E, =236
eV. Circless — as-grown,

squares—30 min anneal, trian-
gles—60 min anneal.
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values for E,, in excellent agreement with both the nondirect
gap for all states of film A and the indirect gap for all states of
film B.

V. SUMMARY

We investigated the response to isothermal, low tempera-
ture (280 °C) annealing in air for up to 60 min, in terms of
changes in crystailography aud optical absorption coeffi-
cient a( E) of two types of sputter deposited, disordered va-
nadium pentoxide: (1) amorphous film A, and (2) single
(010) -orientation film B in which the interlaycr spacing b is
slightly greater (0.03%) than b,, the ideal value. It was
found that:

(1) Annealing amorphous film A does not cause crystalli-
zation. However, a low energy absorption tail disappears,
attributed to the elimination of V * * sites. No change occurs
ina(E) in the charge transfer region £5> ~2.5eV. The Tauc
nondirect optical band gap, E' = 2.34 ¢V for all states of film
A

(2) Annealing crystalline film B causes 4 to further ex-
pand and a(E) in the charge transfer region, E>2.6 ¢V, to
increase. In agreement with a recent thecretical band calcu-
lation and single crystal data for vanadium pentoxide, the
indirect optical band gap E, = 2.36 eV for all states of film B.
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ELECTRONIC TRANSITION-RELATED OPTICAL ABSORPTION
IN VANADIA FILMS

NADA M. ABUHADBA AND CAROLYN R_ AITA
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Wisconsin 53201

ABSTRACT

Vanadium pentoxide (vanadia) is a wide band gap semiconductor. Its layered
orthorhombic structure consists of alternating sublayers of V+O atoms and O atoms (vanadyl
O) alone aligned perpendicular to the b-axis. This unique structure makes vanadia a useful
host for alkali atom iatercalation for electrochromic applications, and therefore, an
understanding of its optical properties is important. Here, we study the optical absorption
characteristics of vanadia in the incident photon energy range E=2.5-6.0 ¢V (A=490-200
nm). The material is in the form of 0.1pum thick films sputter deposited in Ne/O, discharges.
Two types of films were studied: single-oriented films with the b-axis perpendicular to the
substrate, and amorphous films with an oxygen deficiency. The optical absorption
coefficient, a(E), was dctermined and interpreted in terms of the structure of the V 34
conduction band. Amorphous, O-deficient vanadia were cxamined for room temperature
agiglg and were found to oxidize and increase in transmittance in the photon energy range
studied.

INTRODUCTION

Vanadia, V,Os, is a wide band gap semiconductor at room temperature. It crystallizes
in the orthorhombic crystal structure with bulk parameters a==11.519 A, b=4.373 A, and
c=3.564 A [1-6]. The crystal structure is shown in Fig. 1a (7]. Perpendicular to the b
crystal axis, i.c., in the (010} plane, vanadia has a layered structure consisting of alternating
rows of V+O atoms and O atoms alone. In vanadia, a central V atom is bonded to six O
atoms in a distorted octahedral symmetry. Four O atoms are coplanar, a fifth O lies 1.59 A
above the central V atom and is referred to as the vanadyl O, and a sixth O atom lies 2.78 A
below the central V. Figure 1b shows the local atomic arrangement. Bonding perpendicular
to the layer is weak because of the large seperation between a central V atom and the vanadyl
O of an adjacent layer.

Proc. Mater. Res. Soc. 242 731-6 (1992)
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Interest in the optical properties of vanadia originated as a result of 2 better
understanding of the catalytic process of hydrocarboa oxidatic a (7-11]. The oxygea
molecule dissociates at the surface of noastoichiometric vanadia by trapping an oxygen atom
at a vacant vanadyl oxygen site. Optical-related studies showed presence of a broad infrared
band ceatered at abou: 1pum, the inteasity of which increased or decreased upoa reduction oc
oxidation of vanadia respectively {9,11]. The band was attributed to elecaonic transitioas
within occupied V+4 3d band (Le 3d1—>3d1).

The wide interlayer spacing allows intercalation of alkali atoms withia the vandia
lattice, and that, in tumn resulted in the interest in thin films of vanadia in solid state batteries
(12] and eclectrochromic devices for smart windows [13-16). Intercalation and
band in thin film vanadia has repeatedly been investigated [13,16,18]. However, there have
beea few studies cf optical behavior at encrgy greater than the band gap, i.e. in the ultraviolet
spectral region, which is the subject of the present paper. Aita et al. [17-21] have beea
stdying the effect of various sputter deposition parameters oa the vanadia films structural
and optical properties grown in Ar/O, discharges.

We report here the optical properties of single /110) orientation vanadia and amorphous
vanadia films for incident photon energy, E=2.5-6.0 eV (wavelength A=490-200 nm). Films
are grown by radio frequency reactive sputter deposition in Ne/O, discharges. Thz =ffect of
using Ne/O, discharges on the films' structural properties is discussed in Ref. 27. Optical
absorpton characteristics in the ultraviolet region are related to the structure of the vanadia

conduction band. The effect of room temperature aging of the amorphous films is discussed
in terms of film oxidation.

EXPERIMENT

Film Growth

A liquid Njy-cold trapped, hot-oil diffusion pumped, rf-cxcited planar diodce sputter
deposition system was uscd (o grow the films. The t>rget was a 12.7 cm-diam, 99.7% V
disc bonded (0 a water-croled cathode. Tuc substrates were pyrex glass shides and fused
silica placed on a water cooled Cu anode  The anode-cathode spacing was S cm.

The chamber was cvacuated to 6 65 x 10°6 pa (5x10°7 ton) before backfilling with
sputtcniag gas.  The owl fas pressure was measured with a capaciance manometer and kept
constant at 1.33 Pa (1x10°2 o). 99.999% pure Ne and 99.997% purc O, were used.
Each compcncent was ntroduced separatcly into the sputtening chamber. Ne:O; ratios were




established using an MKS Baratron Senes 260 control system, Model 258 flow ransducers,
and Model 248A solencid control valves. With a shutter covering the substrates, a two-step
pre-sputter procedure was carried out in which the target was sputtered in Ne for 45 minutes,
and then for an addidonal 45 minutes in the Ne/O7 gas mixture used for the actual depositon,
after which the shutter was opened. Peak-to-peak cathode voltage, Vi, was -1.6 kV.
Specific deposition conditions are recorded in Table 1.

Ne gas was used as the sputtering rare gas instead of the commonly used Ar for several
reasons. A well-known characteristic of reactive sputter deposition from an elemental target
is that compound formation at the target surface above a critical reactive gas content, for
example oxygen content [21-22). In that ‘mode’ of the target, the flux of species sputtered
off the target and arriving at the substrate is almost totally in molecular form. It is also
known that metastable Ne (Ne™= 16.62 and 16.71 eV) can Penning ionize ground state 022
molecules (ionization potential E; =12.1 ¢V) whereas Ar metastables (Ar® =11.55 and 11.7
¢V) cannot {23-25). The product of Penning ionization (Ne™ + Oy -———> Op* + Ne© + le) is
a positively-charged oxygen species which is readily attracted to the negatively biased target,
enhancing target oxidation. The target surface no longer getters all oxygen from the plasma,
making it available for reaction with metal or suboxide species at the substrate. While that
property of Ne is unattractive for forming metal suboxides by reactive sputtering, it is very
convenient for forming high valence metal oxides. In addition, the low mass of Ne* results
in a lower sputtering yield and hence lower deposition rate. The mobility of species at the
substarte is not only temperature dependent but also time dependent. For both of these
reasons, crystalline growth is in general enhanced (disordered or amorphous growth is
minimized) when Ne rather than Ar is used as the rare gas component of the discharge,
aiding at the formation of highly orientated uniepitaxial films (i.e. polycrystalline with sharp
fiber texture) [26-27].

Elm N

Film thickness was determined using a Tencor Alpha Step Model 200 profilometer to
measure the height of a step produced by masking a region of the substrate during
deposition. Growth rate was determined by dividing thickness by deposition time.

Crystallography was determined by double-angle x-ray diffraction (XRD) using Cu Ka
radiation (A = 1.5418 A) for films grown on glass slides. Peak position (26), intensity, and
full width at one-half of the maximum intensity (FWHM) were measured. The diffractometer
was calibrated using the (01.1} diffraction peak of a quartz standard at 26=26.66+0.02°
whose width is 0.250. The interplanar spacing, d(hkl} was calculated using the Bragg
equation for n order diffraction: d{hkl) =r\gflsin6.

A Perian-Elmer Model 330 UV-Visibie-Near [R double beam spectrophotometer with a
specular reflectuon attachment was used to measure the transmittance and reflection of near
normal incidence radiation in the 200-650 nm range for films on fused silica. Measurements
were performed immediately after deposition and then again after a period of nine months. In
the transmittance regime, a bare fused silica substrate was placed in the path of the reference
beam so that the recorded transmittance is due to the transmission through the film alone.
Reflectance measurements were made relative 1o an Al mirror. No sample was placed in the
reference beam path. In the energy region studied here, which is near and above the band
gap, the film 1s highly absorbing so that reflection of the incident beam at the film-substrate

interface is minimized, thus allowing the use of Eq. (1) for absorption coefficient calculations
(28):

T=[(1-R)? exp(-ax)/[1-R2exp(-2ax)]. m

T is transmittance, R is reflectance, x is film thickness, and a is the absorption coefficient
calculated as a function of wavelength.




RESULTS

Film :hickness, growth rate, and x-ray diffracdon results are given in Table I. Films
that showed no x-ray diffraction peaks were green in color and are referred to here as
amorphous vanadia. Crystalline films showed two x-ray diffraction peaks attributed to first
and second order diffraction of (010) planes of orthorhombic vanadia.

Table I: Film designation, sputtering gas O, conteat (%0,), film thickness (T), growth rate
(G), crystal structure (CS), and interiayer spacing (B).

Film %0 TA) G(A/min) CS B(A)

A 2 1300 11 Amorphous —

B 4 840 14 Amorphous -

C 10 890 7 (010) ortho- 4.405
rhombic

D 25 1300 11 (010) ortho- 4.398
rhombic

Figure 2 shows the absorption cocfficient calculated using Eq. 1 as a function of
incident photon energy for Films A, C, and D. The transmittance through as-deposited
amorphous Films A and B is compared to that after a period of nine months of aging to test
for film stability. The results are shown in Fig. 3.

106

T
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Fig. 2: Absorption coefficient as a function of incident photon energy for crystalline
vanadia Film C (+) and Film D (x) and amorphous vanadia Film A (Q).
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Fig.3: Transmittance through Film A (+), and Film B (0) in as deposited state. In the
aged state, Films A and B are designated by (x ) and (* ) respectively.

DISCUSSION

Vanadia films grown in discharges of O, content greater than 4% and at cathode
voltage of 1.6kV had a solely <010> orientation, i.¢ the films are uniepitaxial, with the b
axis lying perpendicular to the substrate. The interlayer spacing was always greater than the
bulk value (4.373A). No long range order was detected in films grown in O, content less
than 4%. It was previously reported that the critical O, content needed to produce crystalline
vanadia in Ne/O, discharges decreased with increasing cathode voltage {27], and is less than
the critical O, content found in Ar/O, discharges at 1.6 kV, coasistent with the previous
discussion of Penning ionization of O9.

A comparison of the absorption behavior of crystalline vanadia Films C and D and
amorphous vanadia Film A in Fig. 2 reveals two main differences:

1) an absorption band with an onset at 2.5 eV and centered at 3.2 eV present only in
crystalline vanadia, followed by another btoader band, the onset of which is at 3.8 eV.

2) a shift in the absorption edge for hv > 2.8 eV toward higher energy in amorphous
vanadia .

The structure of the optical absorption curve of crystalline vanadia can be explained as
follows. The valance band in vanadia has an O 2p nature. The conduction band consists of
two split-off V 3d bands, a featre characteristic of the symmetry of crystalline vanadia. The
lower V 3d band was first calculated by Bullet to be 0.4 ¢V wide, and separated by 0.3 eV
from the upper and broader V 3d band [29]. The onset of absorption at 2.5 eV is therefore
attributed to electronic transidons from the O 2p to the lower V 3d band. The broader, higher
energy band whose onset is 3.8 eV, is attributed to transitions from the O 2p to the vpper V
3d band. The first spectroscopic measurements on single crystal V7Os to reveal such a band
structure was performed by Mokerov et al. (30). In the real pan, n, and imaginary part, k, of
the complex refractive index, a band with 2 maximum at 2.5 ¢V and 0.4 eV wide, followed




by a stronger band centered at 2.92 eV for polarized light with Ella andat3.15¢eV for E Il
¢ was reported.

The split-off V 3d bands lose resolution in as-deposited amorphous vanadia films,
accompanied by 2 shift in the absorpiun edge to higner eneigy.  The latter cilect has
previously been observed to occur in nanocrystalline vanadia thin films after Li* intercalation
to produce V*+4 sites [16), consistent with the substoichiometric nature of the amorphous
films. Crystalline films do not age at room temperature, whereas amorphous films do. We
auribute this aging to oxidation wnich annhilates V¥4 defects. A similar result was
previously reported for substoichiometric vanadia on sapphire (17].
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A phase map for sputter deposited niobium oxides

Ray C. Lee and Carolyn Rubin Aita®
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(Received 11 April 1991; accepted for publication 23 May 1991)

A ND target was sputtered in radio frequency (rf) Ar/O, and Ne/O, discharges, and films
were grown on unheated fused silica, (111)-cut Si, and carbon ribbon. The transition

from Nb metal to niobia film growth was studied as a function of tkree independent process
parameters: cathode voltage, gas O, content, and rare gas type. On the basis of x-ray
diffraction results, resistivity, optical transmission, refractive index, Nb:O ratio, and infrared
absorption characteristics, the following phases were identified in the films: bec Nb,

NbO, NbO,, x-niobia, amorphous niobia, microcrystalline niobia, and crystailine niobia (where
niobia = Nb,Os _ , with 0<x<0.2). /n situ optical spectrometry of the discharge was

used to monitor the emission intensity J(4) of four radiative electronic transitions of the
neutral excited Nb atom to ground state (4 = 5344, 5079, 4101, and 4059 A).

Changes in /(A) and the growth rate was used to (1) determine the set of process parameters
at which target surface oxidation occurred, and (2) estimate the fractional flux of

atomic Nb and Nb bonded to O in an unspecified molecular form (Nb-oxide) incident on the
substrate. Film structure was found to depend to some extent upon this fractional flux.

A phase map was constructed in which film structure and the Nb and Nb-oxide fractional flux
were graphed onto process parameter space, demonstrating the equivalent effect of

different sets of process parameters.

I. INTRODUCTION

Sputter deposition invoives film growth in a low-pres-
sure, glow discharge environment, usually far from condi-
tions of thermodynamic equilibrium. A solid target is bom-
barded by energetic gas ions, and the ejected atoms and
molecules are collected on a substrate to form a film. Re-
active sputter deposition, used in this study to deposit nio~
bium oxides, involves the inclusion of O, in a rare gas
discharge. As a result, chemical reactions can potentially
occur at the target surface, in the plasma, and at the sub-
strate. Precisely because sputter deposition is governed by
kinetics, it is ideally suited for growing metastable phases,
composite structures, and high meiting point matenals
near room temperature.

In this paper, we address process parameter-growth
ervironment-film structure relationships for the sputter de-
posited Nb-O materials system. The experiment consisted
of sputtering an Nb target in rf Ar/O; and Ne/O, dis-
charges and depositing films on unheated fused silica,
(111)-cut Si, and carbon ribbon substrates. The transition
from Nb metal 10 niobia film growth was studied as a
function of three process parameters: (1) tae cathode volt-
age, (2) the O, content of the sputtering gas, and (3) the
type of rare gas used in conjunction with O,. These param-
eters can be independently varied, and combined, they de-
termine other important parameters such as discharge
power, growth rate, and the number of various types of
oxygen species in the plasma.'?

In general, when a target of metal M is sputtered in an
O,-beaning discharge, the sputtered target species consist
of both M atoms and M bonded to oxygen in an unspeci-

*'Author to whom correspondence should be addressed.
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ficed molecular form(s), denoted here “M-oxide.”’ The
flux of target species incident on the growth interface will
therefore consist of both M and M-oxide. When studying
other sputter deposited transition metal-oxygen systems
grown on unheated substrates, Zr-0,’ Y-0,”° and
V-0,'*!* we found that the relative M-oxide: M flux was a
factor in determining the oxidation state of Af in the film.
For this reason, optical emission spectrometry was used in
this study for in siru discharge diagnostics, specifically to
determine the relative Nb-oxide: Nb flux in the plasma,
and hence incident on the growth interface.

Post-deoosition film characterization included x-ray
diffraction to determine crystallographic parameters, four-
point probe measurements to obtain electrical resistivity,
Rutherford backscattering (RBS) to determine Nb:O
atomic ratio, spectrophotometry in the near-ultraviolet
visible-near-infrared spectral region to determine optical
transmission and refractive index, and infrared absorption
spectrometry to identify Nb-O short-range atomic order.

The experimental data were used to construct a “phase
map.” First, film structure was graphed onto process pa-
rameter space. Then, values of relative Nb-oxide:Nb flux
incident on the substrate were overlayed on the process
parameter-film structure diagram. The resuiting map is a
graphical representation of the equivalence of different pro-
cess parameters on both the film structure and an impor-
tant aspect of the growth environment, the Nb-oxide:Nb
flux.

The scientific purpose of constructing a phase map for
any sputter deposited system is to enable us to understand
changes in film structure in terms of a changing growth
environment, a first step towards modeling metal oxide

© 1991 Amencan institute of Physics 2004




growth by sputter deposition. An important technological
outcome is that another investigator using the information
about the equivalence of process parameters, graphically
represented by the phase maps, will be able to make edu-
cated decisions when designing an experiment to obtain
specific film properties even if no means of in situ discharge
diagnostics is available.

il. EXPERIMENTAL PROCEDURE
A. Film growth

Films we: zrown in a radio frequency (rf) diode ap-
paratus operated at 13.56 MHz by sputtering a 13-cm-
diam, 59.979. pure Nb target bonded to a water-cooled Cu
cathode. Supersil fused silica, (111)-cut Si, and carbon foil
substrates, each required for different post-deposition ana-
lytical techniques, were placed on a water-cooled Nb-
coated Cu pallet covering the anode. The anode-cathode
spacing was 6 cm.

The chamber was evacuated to < 5x 10~ Torr with a
liquid N;-trapped. hot Si-base oil diffusion pump and back-
filled with the sputtering gas to a total pressure of
1x10~! Torr. The sputtering gas consisted of O,
(9999%) and a rare gas. Ne (99.996%) or Ar
(99.999%). The total gas pressure was measured with a
capacitance manometer. Each component of the sputtering
gas was introduced separately into the chamber. Rare gas/
O, rauos were established using an MKS Baratron Series
260 control system, model 258 flow transducers, and model
248A solenoid control valves.

Two presputters preceded each deposition. The first
precrutier was carried out in rare gas for ~ 60 min, and its
purpose was to remove the oxide layer that had formed on
the target surface upon exposure to air. The second pre-
sputter was carried out for ~20 min in the rare gas/O,
mixture used to deposit the film, and its purpose was to
allow time for discharge and target surface reactions 10
reach dynamic equilibrium. The movable shutter that cov-
ered the substrates was then removed and films were de-
posited.

The nominal sputtering gas composition used in this
study ranged irom 100% rare gas to rare gas/50% O,, and
the cathode voltage, measured peak-to-peak during a 13.56
MHz rf cycle, ranged from — 1.3to — 2.2 kV. The largest
cathode voltage used to operate Ne/O, discharges was
— 1.9 kV, in comparison to a maximum voltage of — 2.2
kV used to operate Ar/O; discharges. The reason is that
Ne/O, discharges became unstable when excited by a volt-
age greater than — 1.9 kV. Specific combinations of pro-
cess parameters used to grow the films are recorded in
Table 1.

B. In situ discharge diaanostics

An optical spectrometer with 1200 and 2400
groove/mm holographic gratings capabie of 0.5 A resolu-
tion 1n the near-ultraviolet to near-infrared spectrum was
used to sample radiation of wavelength A emitted between
the anode and cathode through an optical window with a
cutofl wavelength at 3200 A. The window was shuttered
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when not in use, and furthermore, its transmission charac-
teristics were penodically checked for intensity changes
caused by coating with sputtered flux during the experi-
ment.

The optical emission intensity, /(4), of four radiative
electronic transitions of the excited neutral Nb atom to
ground state, at 4 = 4059, 4101, 5079, and 5344 A.'® were
monitored. Assuming the condition of an optically thin
plasma in iocal thermal equilibrium, /(1) is proportional
to the number of ground state Nb atoms in the dis-
charge.'”'* As wiil be shown in Sec. 111 F, an estimate of
the fractional Nb and Nb-oxide flux incident on the growth
interface during deposition can be made using /(4) and
growth rate data.’ Furthermore, changes in /(A1) were
used to determine: (1) when each step of the presputter
process had been completed, and (2) the set of critical
process parameters at which an oxide layer was formed at
the target surface %1014

C. Post-deposition film characterization

The film thickness was measured with a profilometer
from a step produced by masking part of the fused silica
substrate during deposition. The growth rate was deter-
mined by dividing the value of film thickness by the dep-
osition time. The resistivity was measured with a four-
point probe. with an upper limit of 10'° uQ cm.

The crystallography of films grown on fused silica and
{111)Si was determined by double-angle x-ray diffraction
(XRD) using unresolved CuKa radiation (1 = 1.5418 A).
XRD peak position {20 +0.02°), maximum pesak intensity
(I), and full width at one half maximum intensity
(FWHM) were measured. The diffractometer was cali-
brated using the {01.1} diffraction peak of a quartz stan-
dard at 20 = 26.66+0.02° whose FWHM is 0.18°.

In addition, one or more of the following measure-
ments were made on selected films. Double-beam spectro-
photometry was used to determine the optical transmis-
sion, 7(4), as a function of incident phoion wavelength, A,
of films grown on fused silica. For a transparent film of
thickness d. the refractive index, n(A), was determined
from the spacing of adjacent maxima, at A, and 4,, on
T(A) vs A curves using the expression:'®

2=[(n/A)) = (nfAp]~" (1

Rutherford backscattering spectrometry was used to mea-
sure the Nb:O atomic concentration (+ < 10%) of films
grown on carbon foil using 2-MeV He * ? icns as the bom-
barding species. Founer transform infrared spectrometry
was used to determine absorption due to lattice vibrations
in films grown on (111)Si. This measurement yieided in-
formation about short-range Nb~O atomic order.

il. RESULTS AND DISCUSSION

A. Discharge characteristics
Values of rf forward power and growth rate are re-
corded in Table I, and shown as a function of gas O,

content for constant values of cathode voltage in Figs. |
and 2. J(A) relat:ve to its value in a pure rare gas discharge
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TABLE 1. Cathode voitage ( V.) and nomunal gas composition, used to grow Nb-O films. and the resulung rf forward power «n the discharge (P), Glm
thickness (d). and growth rate (G), film resisuvity (p). and visual appearance.

—

—

e ————

14 Rare 4

—

b

&

. G P

Film (~kV) ns %0, (W) (kA) (A/min) (10 uft cm) Appearance’
|8 2.2 Ar 0 580 7.2 2439 2401 8r
2. 22 Ar 2 560 9.2 M3 39201 8’
3. 22 Ar 4 570 11.2 24926 13£10 or
4. 2.2 As [ S60 185 2008 4x10 :
s. 2.2 Ar 8 570 84 1333 nc ol
6. 2.2 Ar 10 580 6.5 10824 ne X
7. 22 Ar S0 40 49 82%2 nc (X}
8. 19 Ar 0 420 84 20010 20£0.0 8’
9. 19 Ar 2 430 18.7 21010 6F " 8r
10. 19 Ar 4 «30 14.9 219%7 {. -:.0 F 24
1t 19 Ar 6 440 5.8 82+4 nc et
12 1.9 Ar 8 450 6.8 852 nc cl
13 19 Ar 16 450 54 16x1 nc el
14 1.9 Ar SO 480 5.0 56x$ nc ]
15 1.6 Ar 0 320 16 156 %€ 36202 &r
16 1.6 Ar 2 350 1.6 14323 24x10 e
1? 1.6 Ar 4 370 6.1 “ukl nc [X]
18 1.6 Ar 6 380 6.1 701 nc X
19 13 Ar 0 230 32 1063 20+0.1 8’
20 1.3 Ar 2 220 47 8| nc [X
21 1.3 Ar 4 220 39 48] nc af
22. 1.9 Ne ] 420 pRs] B8+ 6 53205 %4
23. 1.9 Ne 2 420 1.1 $3x7 450+ 120 8!
24. 1.9 Ne 4 470 e o nc (X}
25. 1.9 Ne 6 480 2.8 402 nc X
26. 1.9 Ne 8 500 3.2 402 nc X}
27. 19 Ne 10 500 e o nc [ X
28 1.9 Ne S0 30 29 “Mx3 nc e
29. 1.6 Ne 0 240 1.4 61x6 1.1£0.1 [ 4
30. 1.6 Ne 2 270 09 41 x4 nc [X]
. 1.6 Ne 4 280 09 24 nc (A3
32 1.6 Ne s0 350 30 =l nc o
33 1.3 Ne (1] 170 09 48+6 20+3 8’
34 1.3 Ne 2 180 0.4 25%3 nc (23
3s. 13 Ne 4 180 1.2 19%2 nc ot
36. 13 Ne 50 220 1.7 21! nc ']

fi

*Measured by profilometer frum & step on films grown on fused silica. Each vajue represents a set of measurements. The siandard deviation 1s not shown

n the Table. However, 1t 1s used to calculate the error in G tabulated here.

®0 for bulk Nb metal = 12.7 uf} cm: nc = nonconductor. exceeds probe limus of 10'° uf} cm.

‘g = gray. ¢ = colorless, 7 = reflecting, ¢ = transparent.

operated at the same cathode voitage is shown in Fig. 3 as
a function gas O, content.

It can be seen from Fig. 2 that the growth rate rapidly
decreases after a small amount of O, is added to the dis-
charge, and then either remains constant or decreases more
slowly. This phenomenon is well-documented in the sput-
ter deposition literature, and is associated with the forma-
tion of an oxide layer at the target surface that offers a
barrier to sputtering greater than that offered by the metal.

It can be seen from Fig. 3 that Rel. /() either van-
ishes or decreases to a smail value after a sma!! amount of
O, is added to the discharge. This result indicates that
atcmic Nb is either no longer present in the plasma or its
amount has been greatly reduced; Nb-oxide is sputtered
from the oxidized target surface layer.

The gas O, content at which both the growth rate
decreases and Rel /(4) vanishes or is greatly reduced is
denoted “0O%". In the case of Ar/O, discharges, Of in-
creases with increasing ¥, and is equal to 2, 4, 6, and 3%
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0, for -1.3, —1.6, ~19, and - 2.2 kV discharges,
respectively. Similar behavior has been reported for other
target materials sputtered in Ar/O, discharges,**'*' and
is attributed to increased dissociation of the target surface
oxide under bombardment by more energetic Ar* icns as
V. is increased. O is equal to 2% in the case of Ne/O,
discharges operated at — 1.3, — 1.6, and — 1.9 kV.

It can be seen from Fig. 1 that the rf forward power
does not change abruptly at Of. This resuit indicates that
the electrical impedence of the deposition setup does not
change significantly upon target surface oxidation. Similar
behavior was found when V (Refs. 10 and 14) and Au
(Ref. 20) targets were sputtered in O,-bearing discharges.
It was hypothesized that oxides with secondary electron
emission characteristics similar t0 V or Au metal were
formed at the target surface. The Y-O system offers a con-
trast to this behavior. The formation of a target surface
layer of yttria, which is a more efficient secondary eiectron
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FIG. 1. of forward power in the discharge as & function of gas O, content
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FIG. 2. Film growth rate as a funcuion of gas O. content in (a) Ar/O,
and (b) Ne/O, diicharges.
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FIG. 3. Relative optical emission intensity from excited Nb atoms in the
plasma m (a) - 22kV, (b) ~ 1.6kV, and (c) — 1.3 kV Ar/O, dis-
charges, where 4 = 5344 A (circles), 5079 A (tnangies), and 4059 A
(squares), and (d) — LIKYV, (¢) — 1.6 kV, and () -ukVNe/ck
discharges, where 2 = 5079 A (circles). 4101 A (triangles), and 4059
(squares). Each data point represents the average value of at least three
messuretnents.

emitter than yttrium metal, caused the discharge power to
double at 02.%7

B. Film properties

Crystallography: The crystallography of films grown on
fused silica, obtained from XRD measurements®' is re-
corded in Table II. Films on (111)Si using the same
growth conditions yielded similar results. Representative
diffraction patterns are presented in Figs. 4(a)—4(d),
which show how film structure changes as the cathode
voltage is decreased (Fig. 4(a) —4(b) ~4(c)] or as the gas
O, content is increased [Fig. 4(a) —4(d)).

Phase transitions of the stable, bulk, room-temperature
components of the Nb-O system are as follows:2"% Nb
(bee) ~NBO (cubic, NaCl structure) — NbO, (tetrago-
nal) = Nb,O, _, with 0<x<0.2 (many rejated forms, coi-
lectively called “niobia™ here). The Nb,O; _ , series, which
terminates in Nb,Os and whose precise crystal structure is
still under investigation, is based on building blocks of the
ReQ;-type lattice separated by planes along which crystal-
lographic shear produces defects; nonstoichiometry is ac-
comodated by crystallographic shear.

Nb, NbO, and NbO, phases present in bulk material
are also formed in the sputter deposited films. Films 1, 8.
and 15, grown in Ar discharges operated at — 1.6 10 — 2.2
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TABLE 1. Crystallograpby of Nb-O films sputter deposited on fused silica: the diffracuon angle (26), full wadth at one-half maximum intensity
(FWHM), peak assignment, and relacive inteasity.
v, Rare 20 FWHM*
Film (—kV) gas % O, (deg) (deg) Plane Rel. |
1. 22 Ar 0 38.16 on 110 Nb 100
69.3t [.64 211 N 10
2. 2.2 Ar 2 38.00° 0.81 110 Nb 100
69.14 1.44 211 Nb 4
3 2.2 Ar 4 3814 1.70 110 Nb + 11i NbO 100
4. 2.2 Ar 6 35.98° 0.34 501,431 NbO, 24
-~y 111 NbO
40e 047 620 NbO, 100
5. 2.2 Ar 8 no diffraction peaks
6. 22 Ar 10 no diffraction peaks
7. 22 Ar 50 ~27.33,49* Nb,0,
8. 1.9 Ar 0 38.36 110 Nb 100
9. 19 Ar 2 1t 1.49 110 Nb + mn
~31.2 Iil NbO
69.32 1.23 211 Nb+ 7 100
10. 19 Ar 4 37.2-33.4 111 NbO + §
NbO, P‘IIB 42
67.5-70.5 ? 100
104-110 420,331 NbvO 30
11 19 Ar 6 no diffraction peaks
12. 1.9 Ar 8 no diffifraction peaks
13. 19 Ar 10 no diffraction peaks
14 19 Ar 50 no diffracuon peaks
18. 1.6 Ar 0 38.19 0.7¢ 110 Nb 100
69.30 1.59 211 Nb n
16. 1.6 Ar 2 35.68¢ 222 NbO, 100
~36.240 111 NbO + 4
NbO, planes
40.92 091 620 NbO, 40
17. 1.6 Ar 4 no diffraction peaks
18. 1.6 Ar 6 no diffraction peaks
19. 13 Ar 0 317.31 1.06 110 Nb +? 100
67.51 1.93 211 Nb+? 59
2. 1.3 Ar 2 no diffraction peaks
21 1.3 Ar 4 no diffraction peaks
22. 1.9 Ne 0 37.33 0.95 110 Nb 100
2. 1.9 Ne 2 no diffraction peaks
24 1.9 Ne 4 no difftaction peaks
25 1.9 Ne ] no diffraction peaks
26. 19 Ne 8 no diffraction peaks
27, 1.9 Ne 10 no diffraction pesks
28 1.9 Ne 50 2.3 0.40 Nb,O, 100
~33 Nb,O,
49.29 0.70 Nb,0, 0
29 1.6 Ne 0 ky R} 1.3 110 Nb 47 100
30 16 Ne 2 no diffraction peaks
. 1.6 Ne 4 no diffraction peaks
32 1.6 Ne 50 no diffraction peaks
3. 1.3 Ne 0 ~32-39 110 Nb +?
34 1.3 Ne 2 no diffraction pesks
3s. 1.3 Ne 4 no diffraction peaks
36. 13 Ne 50 no diffraction peaks
‘FWHM of the (01.1) diffraction peak of a quartz standard at 20 = 26.66+0.02° is 0.18".
*Figure 4(a).
‘Figure 4(d).

*The precise structure of Nb,O, has yet 10 be determuned. Therefore, plane assgnment 13 not prasible.

‘Appears as a shouider on {110} Nb peak. Figure 4(b).

A question mark throughout this table indicates 8 broad peak or shoulder whose assignment is ambiguous: therefore none 13 made.
SFigure 4(c).

kV, film 2 grown in a — 2.2 kV, Ar discharge [Fig.  Broad peaks and 20 vaiues shifted to lower angle than
4(a)}.and film 22, grown ina — 1.9 kV, Ne discharge, are  expected for {110} bec Nb planes are observed in the dif-
bee Nb with a strong preferred or sole {110} orientation.  fraction patterns of film 19, grown in a — 1.3 kV, Ar
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FI1G. 4. X-ray diffiraction intensity vs 20 for (a) film 2. Nb, (b) fiim 9.
Nb + NbuU, (c) film 16, NbO + NbO,, and (d) film 4, NbO + NbO,.

discharge. and films 29 and 33, grown in Ne discharges
operated at — {.3 and — 1.6 kV, suggesting that another,
yet-to-be identified, structure may be present in these film-
sin addition to bcec Nb.

NBO and NbO, exist as components of mixed-phase
structures formed when using Ar/0, discharges (films 3,
4,9, 10, and 16). Crystalline niobia was formed only when
a — 1.9 kV, Ne/50% O, discharge was used (film 28).
Film 7, grown in an — 2.2 kV, Ar/50% O, discharge, is
identified as microcrystalline niobia on the basis of three
broad, low intensity peaks. In general, however, films pro-
duced in discharges with gas O, content >Of have no
long-range crystallographic order. We shall refer to these
films as “amorphous™, but in fact they may contain micro-
crystallites whose size is beyond the detection limit of the
XRD expenment.

Resistivity: The resistivity of films grown on fused silica
are recorded in Table I. Relating resistivity to crystallog-
raphy, Nb metal films have values of electrical resistivity
ranging from 1] 10 53 uf) cm. These values are in reason-
able agreemer:t with bulk Nb metal, 12.7 uQ2 cm, consid-
ering the interfacial sources for electron wave scattering
within a thin film.

Bulk NbO is a metallic conductor and NbO, is a semi-
conductor with a band gap of 0.88 eV (Refs. 27 and 28).
Nb + NbO films 3 and 9 have vaiues of p=66-130
u4) cm. NbO + NbO, films 4, 10, and 16 have values of
p = 180440 4Q cm, an order of magnitude larger than Nb
metal films. Microcrystalline niobia film 7 and crystalline
film 28 are insulating, as are all of the amorphous films
with the exception of film 23 which has a resistivity of
45x10° uQt em.

Visual appearance: The visual appearance of films
grown on fused silica is recorded in Table I. Nb,
Nb + NbO, and NbO + NbO, films are reflecting and gray
in color. Crystalline and microcrys:alline niobia films are
transparent and colorless. Films with no long-range crys-
tallographic order are transparent and colorless, with the
exception of film 23, which 1s transparent and gray.
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FIG. S. Kefractive index for niobia films grown n Ar/Q, discharges
operated ut (2) — 2.2 kV and 8% (cwclicesi, (0% (squaies), and 50%

(diamonds) O,; (b) — 1.9 kV and 6% (circies). 8% (squares), 10%
{diamonds). and 50% (tnangles) Oy (c) — [.6 kV and 4% (circies),
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.

Identification of transparent amorphous/microcrys-
talline films: In order to identify the transparent, coloriess,
insulating amorphous/microcrystailine films, we probed
their chemistry, optical refractive index, and short-range
order. RBS measurements showed that the Nb:O atomic
ratio of films grown on carbon ribbon included in the same
sputtering run as films 5-7, 11-14, 17, 18, 20, and 21
ranged from 0.39 to 0.43. These values are in good agree-
ment with stoichiometric niobia, in which Nb:O = 0.38-
0.42 after taking into account the * 10% error inherent in
the RBS measurement.

The refractive index of films $-7. 11-14, 17, 18, 20,
and 21, determined in the 0.4-1.6 um spectral region using
Eq. (1), is shown in Figs. 5(a)-5(d). [Films grown in Ne/
O, discharges were too thin to generate a set of interference
fringes from which to calculate n(4).] The refractive index
was found to equal 2.4-2.7 at 0.5 um and ~2.5 at 1 um for
films grown in Ar/O, discharges operated — 1.6, — 1.9,
and — 2.2 kV. The refractive index is slightly lower for
films grown in — 1.3 kV, Ar/0, discharges, with n=2.5 at
0.5 um. These values are in excellent agreement with mea-
surements on anodic Nb,Os coatings®® and larger than re-
ported for sputter deposited films, n=2.24-2.28 at 0.63
u#m. % For all films, the onset of the fundamental optical
absorption edge occurred at ~0.35 um (3.5eV), and n(4)
rose rapidly there.

The infrared transmission spectrum from a film grown
on Si during the same sputtering run as film § is shown in
Fig. 6, curve 4. (Duplicate films on Si are denoted by a
“prime” hereafter in the text). This spectra is representa-
tive of al) transparent, colorless, amorphous films. The IR
transmission spectrum of microcrystalline film 7' is shown
in curve B. For companison, data obtained from crystalline
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FIG. 6. Infrared transmission as a function of wave number for (4) film
5'. amorphous niobis, (8) flm 7', microcrysiailine mobia, (C) film 28,
crysualline niobia, and (D) film 23°, amorphous x-niobia.

niobia film 28’ is shown in curve C. From Fig. 6, it can be
seen that a major double-peaked, IR absorption band oc-
curs between 500 and 900 cm ~ ! for all transparent, col-
orless, insulating films. The width of the band and its gen-
eral shape are characteristic of bulk niobia.’' There is a
difference. however, between the spectra of films that have
no long-range order (curve 4) compared to that of micro-
crystailine (curve B) and crystalline (curve C) films; in
the former there is a shift in the maxima of both absorption
peaks to higher wave number. The correlation between IR
absorption and normal modes of vibration of groups of
atoms in niobia is as yet unknown. Therefore, the signifi-
cance of the shift in the maxima, in terms of specific
Nb—O bonding configurations cannot be determined at
present.

Based on the above RBS, refractive index. and IR
transmission measurements, the transparent, colorless,
amorphous/microcrystalline, insulating films produced
here are identified as niobia. Film 23, grownina — 1.9kV,
Ne/O, discharge, is also transparent and amorphous, al-
though it is gray in color and has a finite resistivity,
4.3x 10° u0) cm. Its optical transmission spectrum, which
is shown Fig. 7, curve 4, has a short-wavelength cut-off
identical to the transparent, colorless, insulating films, rep-
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F1G. 7. Percent optrcal transmission through (a) fum 23, 1.1-am-thick
x-niobia, and (b} film 35, 1.2-am-tiack, amorphous mobia.

resented by curve B taken from film 35, which is of com-
parable thickness to film 23. This result indicates that there
is a niobia constituent in film 23. The IR absorption spec-
trum of film 23 is shown in Fig. 6, curve D. A comparison
with curves 4-C for amorphous niobia shows both simi-
larities and differences. The low wave number peak, at 610
em ™! is also present the niobia spectra, at 540 and 615
cm ~'. However, this peak has a shoulder at 700 cm = ! in
film 23. Furthermore, there is still considerable absorption
in film 23 at 1000 cm - '. The question to be answered at a
later time is this: what bonding structure of Nb and O in
film 23, present cither as a second phase*? or in a random
bonding configuration,’’ causes both optical absorption in
the visible spectrum and electncal conductivity? Film 23 is
denoted here “'x-niobia™.

C. A phase map for the sputter deposited Nb-O
system

The phases and structures present in the sputter depos-
ited Nb-O films studied here are graphed onto cathode
voltage-gas O, content space in Fig. 8 for (a) Ar/O, and
{b) Nes/O, discharges. It can be seen that niobia is formed
over most of the process parameter space investigated here.
When films were grown in Ar/0, discharges, the transition
from Nb to niobia growth was accomplished through in-
termediate structures (Nb + NbO and NbO + NbO,) in
which phase mixing®? occurred. as though the system were
in thermodynamic equilibrium. Decreasing the cathode
voltage shifts the onset of the formation of the intermediate
structures, as well as niobia, to lower gas O, content. The
intermediate structures, Nb + NbO, NbO + NbO,, are ab-
sent from the films when Ne/O, discharges are used. Nio-
bia is formed in Ne/O, discharge at gas O, content >2%,
although x-niobia contains an additionai yet-to-be-identi-
fied component responsible for its electrical conductivity
and gray color.
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crystalline niobia (diamond)) as a function of gas O, content and cathode
voitage for (a) Ar/0, and (b) Ne/O, discharges. The solid lines indicate
the boundanes of the niobia phase field. The dashed lines indicate regions
of specific values of 4'(Nb-oxide), determined from Eq. (7).

Changes in the film structure will next be related to the
fractional flux of gaseous Nb and Nb-oxide species incident
on the growth interface. We will use the following formal-
ism*** 1o estimate this flux, written here for the general
case of a metal (M) target sputtered in an O,-bearing dis-
charge. Let 4 = total flux of metal, M, in all forms arriving
at the substrate relative to its value in a pure rare gas
discharge operated at the same cathode voltage. Metal can
arrive in atomic form or bonded to O as an oxide molecule,
so that the total flux of M is equal to

A=A(M) + A(M-oxide). (2)
Assuming unity sticking coefficient,
A=G'[p(M-oxide) /p(M),], (3)

where G’ is growth rate relative to its value in rare gas and
p(M-oxide), and p(M), are the bulk atomic densities of
the solid phases condenssd on the substrate. For an opti-
cally thin plasma in local thermal equilibrium

I(A)Y =hcst (N /ATA, (4)
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where &/ ,; is the Eiastein coefficient of the optical transi-
tion, A is Planck’s constant, ¢ is the speed of light in vac-
uum, and N, is the number of atoms in the upper state.'’
Therefore,

Rel. 7(A)=Rel. Ny=Rel N,=A(M), (5

where Rel. J(A) is the intensity and Rel. N,, Rel. N, zre
the number of upper state, ground state atomas relative to
their values in a pure rare gas discharge operated at the
same cathode voltage. Using Eq. {2)

A(M-oxide) =4-A(M)
=[G’'p(M-oxide) /p(M),]-Rel.I(R). (6)

Dividing Eq. (6) by the iotal flux of target atom-bearing
species to the substrate, yields the fraction of the flux that
is lM'O‘ide’

{[G’p(M-oxide} /p(M),]-Rel.I(A)}
[G'p(M-oxide) /p(M),]

{G'p(M-oxide),]
=] - [Rel.](/l)/ 200,

A’'(M-oxide) =

)

The fraction of the flux that is atomic M:A'(M)
={Rel. I(A)/[G'p(M-oxide)/p(M)]}.

A’(Nb-oxide) was determined from Eq. (7) by calcu-
lating G’ from growth-rate data (Fig. 2), and using data
for Rel. J(A) (Fig. 3) and the bulk densities for Nb (8.6 g/
cm’), NbO (7.3 g/em?), NbO, (5.9 g/em’), and Nb,O,
(4.5 g/cm?). Applying E 3. (7) to mixed-phase films posed
a challenge because overlapping XRD peaks prevented the
volume fraction of each phase to be meaningfully deter-
mined. Therefore, we used the limits of possible density to
calculate two separate data points for each set of [G", 1(41)]
values for mixed-phase films, that is, using Nb and NbO
density for films 3 and 9, and NbO and MbO, density for
films 4, 10, and 16.

Figure 9 shows A'(Nb-oxide) for the two most com-
plicated sets of data, obtained from Ar/O, discharges op-
erated at —2.2 and -- 1.9 kV. 4’(Nb-oxide) =1 for
— 1.3kV, Ar/52% O, discharges, and is not shown here.
The range of vaiues for 4’'(Nb-oxide) for each phase re-
gion are included in Fig. 8(a).

It can be seen from Fig. 8(a) that niobia formation in
films grown in — 1.3 to — 2.2 kV, Ar/O, discharges is
concurrent with A’ (Nb-oxide) = 1; niobia is formed in the
Silm when Nb arrives from the plasma bonded to O. The
gas O, content corresponding to both the onset of niobia
formation in the film and a vanishing atomic Nb flux to the
substrate is equal to Of, as can be seen by comparing Fig.
8(a) with Figs. 1(a) and 2(a). Intermediate phases are
formed when A4’'(Nb-oxide) =0.1-0.4, that is, most, but
not all, of the Nb flux arriving at the substrate is atomi.:.

A more complicated situation arises when correlating
A’(Nb-oxide) v.ith structure in films grow~ in Ne/O, dis-
charges. 4 (Nb-oxide} = 1 for — 1.3kV, Ne/52% O, dis-
charges and niobia formation is associated with a vanishing
atomic Nb flux. Likewise, niobia formation in films grown

R.C. Lee and C. R. Aita 2101




=
B
o
-

-

——— . —— ey

OB
~ 1 g8 8
8 o9
= © 4« 6 8 10
Q
o
>
Z\&(l) Q [#]
'. ] |
on——8 .
0o 1 2 3 &2 5 6 7
GAS %507

FIG 3 € :Nbosw . the fracticnat us of Nd bunded to () n an un-
ApEUINGY MOKC UlAr 13T incident on the subsirate. determined from Eq
T, as a tunctwn of gas (). Lontent for Ar (). discharges operated at ta)
22kv and (D 16AY [ W4 A circles dusmonds), /. %09 A
Cinverted tNangies. tnangies ). /{409 A squares. sashed diamends
{~ote The fracuoral flus of stomsc Nb = | -~ 4 {Nb-osde)}

m - 1o6kVY. Ne/4+50% O, discharges 1s associated with
4 (Nb-onde; = | However, inthecaseof — 19kV. Ne/
4507 Q. discharges. 4 (Nb-oxide) = ~05-0 7. indicat-
ing that mobia formed 1n the film cven though the atomic
Nb Aux to the substrate did not vamsh As mentioned in
Sec II}A. we concluded from growth rate [Fig 2(b)] and
Rel /141 [Fig 3(d)) dara that the target surface was ox-
idized by - 1 3 kV. Ne/ 450 O. discharges. and o the
stomic Nb flux observed here must result from either dus-
sociation of the sputtered oxide at the Nb target surtace by
sputtenng action or i the npiasma volume by collimonal
processes Values for 4 { Nb-ande ) for Ne, O, discharges
are included in Fig 3¢b,

The assumpuion of an optally thin plasma in foal
thermal equilibnum cannot be apghed to data obtained
from -1o6and - 19kV Ne 27 O, discharges This s
unfortunate bevause these conditicns correspond 1o OF,
and 10 the case of a 19 kY. Ne 2% U discharge, the
condition at which x-mobia 1s produced However. a dif-
ference in Rel (/) among the three wavelengths by as
much as W% [Figs V d) and Ve | induwates that etther
selective enhancement of a transinion. perhaps by 4 rewr-
nant process.’ or selective supression of /24, due 1o impn-
ucued rad.ation 1 ocournng

V. SUMMARY

An Nb target was spurtered in rf Ar 0. and Ne/ O
Jischarges. and films were grown on unheated fused ~ifwa,
1 -cut 51, and carbon nibbon The tranution from Nb

2162 J ADDt Py Vol 7O NO ¢ 'S Auguet 199

metal to wsobia film growth was studied as a function of
three independent process parameters: cathode voltage, gas
Q. content, and rare gas type. On the basis of x-ray dif-
fraction results, res:tivity, optical transmission, refractive
index. Nb.O ratio, and infrared absorption charactenstcs,
the following phases were identified 1n the films: bce Nb,
NbO. NbO,, x-niobia. amorphous niobia, microcrystailine
niobia. and crystalline niobia.

In situ opucal spectrometry of the discharge waus used
to momtor the emission intensity [(A) of four radiative
electronic transitions of the neutral exc:'sd No atom to
ground state (4 = S344, SO79, 4101. and 4059 A).
Charges 1n /(A) and the growth rate were used to (1)
determine the set of process parameters at which target
surfz -~ oxidation occurred. and (2) estimate the fractional
flux of atomic Nb and Nb bonded to O n an unspecified
molecular form (Nb-oxide) incident on the substrate. Film
structure was found to depend to some extent upon this
fractional flux. In general. nobia was formed when Nb
amved from the plasma bonded to O. which occurred
when the target surface was completely oxidized. Inter-
mediate muxed-phase structures. Nb - NbO and NbO

~ NbO.. were formed when most but not all. of the Nb
flux from the plasma was atomic.

A phase map was constructed 1n which film structure
and the fractuional flux of Nb and Nb-oxide incident or the
substrate were graphed onto process parameter space.
demonstirating the equivalent effect of differeat sets of pro-
cess parameters
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Growth conditions for sputter deposited niobium oxides
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A Nb target was sputtered in radio-frequency-excited. Xr/O, discharges and films were
deposited on unheated fused silica and (111)-cut Si substrates. Two independent process
parameters, cathode voltage and gas O, content, were varied. Optical emission spectrometry was
used for tn sty discharge diagnostics. From this data. we determined: (1) the values of the
process parameters at which a complete target surface oxide layer was formed, and (2) the
fractional flux of gaseous atomic Nb and molecular Nb-oxide incident on the substrate over the
entire range of process parameters. Post-deposition film charactenzation for metallurgical phase
idenufication included x-ray diffraction, infrared absorption, and electrical resisuvity
measurements. A ‘“phase map” was constructed, interrelating the independent process
parameters, the growth environment, and the metallurgicai phases in the films. Comparison with
phase maps previously developed for the Nb-O system grown in Ar/O, and Ne/O, discharges
allowed generalizations to be made regarding the growth environment (in terms of Nb, Nb
oxide. and oxygen flux to the substrate) under which different Nb-oxide phases were formed in

the film.

I. INTRODUCTION

We .onstruct here a ““phase map” for the Nb-O system
sputter deposited 1in Kr-O, discharges on unheated sub-
strates. The map interreiates independent process parame-
ters, the growth environment, and the metallurpcal phases
present in the films. It 1s not a “phase diagram" since
growth by sputter deposition cannot be assumed to be un-
der condi*'ons of thermodynamic equilibnium. The process
parameters onto which phase regions and growth environ-
ment charactensucs are mapped are not analogous to the
thermodynamic - anables used 1o describe overlayen.’ The
scientific motivation for constructing a phase map 1s to
understand the phase formation sequence in terms of a
changing growth environment — a first step toward mod-
ciing metal oxide growth by reactive sputter deposition. An
important technological outcome 1s that another investiga-
ror, using the information about the equivalence of process
parameters shown on the phase map. can make educated
decisions when designing an expenment to obtain specific
film properties. even when no means of 1 sirw discharge
Jiagnostics 1s avarable

Phase transitions of the stable, bulk, room. :emperature
.omponents of the Nb-O system are .. follows ' Nb
;body-centered-cubic  bectj - NBC NaCl-tvpe  cubic)
=NDO, , a0l two - bstoxchiometnc  forms
~ tetragonal NbO, i = Nb,O. , with Ocx 0 2 (many re-
\ated forms. coilectively caied “miobu’) The Nb.O.
senes. which terminates 1n Nb.O, and whose precise crvs-
1al structure 1s sull under mnvestigation. is based on build-
:ng biocks ot the ReO.-tvpe isttice veparated by planes
slong which crvstallographic shear produces defects. non-
Mo ninme s 'y accommodated by shear

We had prevrousiv pudhished phase maps for Nb-oxides
sputter deposited In Ar O, and Ne/O. discharges ~ As will
%¢ discussed tn Sec V' doth eowlibhum and metastavle
rhases formed in the sputter deposited fims The phase
Soundanes were found 1o depend upon twn .mportant as-
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pects of the growth environment: (1) the fracuional flux of
gaseous Nb atoms and Nb-oxide molecules arriving at the
substrate from the discharge, and (2) the formation of a
target surface oxide layer that prevented the target from
gettening all oxygen from the discharge, thereby making
oxygen available for reaction at the substrate. The phase
map developed here for filn » grown in Kr/0, is compared
to those obtained for Ar/U, and Ne/C, discharges, with
an eye toward finding similanities and understanding dif-
ferences in terms of these two aspects of the growth enw-
ronment.

It. EXPERIMENTAL PROCEDURE
A. Film growtn

Films were grown in a radio-frequency (rf) diode ap-
paratus operated at 13.56 MHz by sputtenng a 1) cm
dum. ND 1arget bonded to a water<ooled Cu cathode.
Suprasi) fused siica and (111)cut Si subsirates were
placed on a water-cooled Nb—coated Cu pallet covenng the
anode. The anode-cathode spacing was 6 cm The chamber
was evacusted 10 < $x10° " Torr with a hqud N,
trapped. hot Si-base o1l diffusion pump and backfilled with
the sputienng gas (o a total pressure of 1 x 10 ~* Torr The
sputtenng gas consisted of Kr 199 997% ) containing from
)% -350% O, 199 99% )

The :0tai gas pressure was measured with a capacitance
manometer Each component of the sputtenng gas was
introduced separately into the chamber Kr/O, ratios were
established using an MKS Baratron Senes 260 control sys-
tem. modei 28 flow transducers. and model 248A solenowd
control vaives The instrument error in the O. parual pres.
sure introduced into the expenment by the accuracy of the
flow was 2 $ = 10" Toer

Two presputiers preceded each deposition The presput-
ler process was nocitored by oplical emisuion spectrome-
try. as descnbed 1n Sec |1 B The first presputter was car-
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B ST

TasLe I Cathode voitage (¥,) and nomuzal gas O, content used to grow Nb-O films. and the resulung rf forward power in the duscharge (7). Sim
hickness (d), and growth rate (G), film ressuwity (p), and vasual appesrance.

V. P L G '

Film (=kV) %0, (W) (kA) (A/mun) (ufi cm) Appearance’
1 1.9 0 480 4.06=0.0! 1883 (Y22 (X
1 19 2 430 2.713%0.11 16126 906 &
b) 1.9 4 480 272£0.13 170+ 8 43z} (%4
4 1.9 6 480 0.63+0.01 29=%1 nc ct
b 1.9 ] 480 2.02+£0.09 251 nc &t
[} 1.9 0 $30 4.25%0.13 %2 nc [X]
? 1.6 0 30 2.15%0.18 108x9 Q=7 [}
3 1.6 2 360 1.90+0.08 10S%3 1321 s
92 1.6 4 360 1.97+£0.08 89%4 15x1 b.st
9% 1.6 4 360 1.30%0.06 5142 349 ya
10 1.6 b 350 0.96%0.25 x| nc ot
i 1.6 é 330 0.75£0.02 =1 nc [X]
12 1.6 ] 330 2.424%0.12 25| nc ot
13 1.6 0 380 10 150=0.14 5%\ nc [X]
14 1.3 0 220 1.50 £0.05 %2 X
s 13 2 230 1.8020.04 02 65%3 [
16 1.3 3 230 1.27£0.02 1 xi nc [X]
17 1.3 4 220 1.20%0.04 1921 nc at
18 1.3 50 240+ 10 1.2020.06 41 nc ot

— —
*Measured by profilometer from a siep on films grown on fused silica. Each value represents 8 set of messurements. The standard deviauon 1 oot shows
in the table However. 1t 13 used to calcuiste the error in G tabulated here.

% for bulk Nb metal = 12.7 40} cm; nc = noaconductor. exceeds probe imuts of 10* ufl cm.

‘g m gray, b = biue, y = dark yellow, c = coloriess, r = reflecting. $ = seMILrARSparest, t = transpesent.

nied out in Kr for ~60 min, and its purpose was to remove
the oxide layer that had formed on the target surface upon
exposure to ur. The second presputter was carried out for
~20 mun 1n the Kr/O; mixture used for the actual depo-
sition, and its purpose was to allow time for discharge and
target surface reactions to reach dynamic equilibrium. The
movable shutter that covered the substrates was then re-
moved and the films were deposited. The process parame-
ters that were vaned in this study were the sputtering gas
O, content and the cathode voltage, measured peak-to-
peak dunng a 13.56 MHz rf cycie. Specific proress param-
eters used for each deposition are recorded 1n Table 1.

8. In situ discharge diagnostics

Optical emussion spectrometry was used for i situ dis-
:narge diagnostics.' An ~pucal spectrometer with 1200
snd 2400 groove/mm holographic graungs capabie of 0.5
A resolution 1n the near ultraviolet o near infrared spec-
trum was used to sampie radiation of wavelength 4 emitted
between the anode and cathode through an opucal win-
dow.

The optical emussion intensity /(A1) of radiauve elec-
tronsc transiions of excited neutral Nb atoms 10 ground
state’ were monitored at A = 4039, 4101, and 5079 A. As-
sumung the condition of an opucally thin plasma it local
thermal equilibnum, /(A) 13 proporuonal to the number of
ground state Nb atoms in the discharge.'* Changes 1n /(1)
were used (0 directly deterrrune { |) when each step of the
presputier process had been completed, and (2) the set of
process parameters at which an oxide layer was formed at
the target surface. Furthermore, assuming s unity stucking
coefficient. an esumate of the fractioaal flux of Nb atoms

J Ves. Sel. Technel A, Vel 10, Me. 4, JivAug 1902

J (Nb) and Nb-oxide molecules, / (Nb oxide), incident on
the substrate during deposition was made using the follow-
ing equations’

S(Nb) ={Rel. I{A)/{Gp(Nb oxide) /p(Nb),]}, n

J(Nb oxide)

=1 — (Rel. /(3)/[G'p(Nb oxide),/p(Nb),]}.  (2)

Here, Rel. /(A) is the emission intensity relative to its
value in a pure rare gas discharge operated at the same
cathode voltage, G is the growth rate relauve to its value
in 8 rare gas discharge operated at the same cathode volt-
age, o(Nb oxide), 18 the atomic density of the oxide phase
condensed on the substrate, and p( Nb), is the atomic den-
sity of Nb metal. The exact form of the gas phas Nb-
oxide(s) species incident on the substrate is not known,
but mass spectrometry data show that for many oxide sys-
tems, the prevalent form 13 the n..ta) monoxide, MO."'

C. Post-deposition filmn characterization

Film thickness was measured with a profilometer from a
step made by masking part of the fused siica substraie
dunng depomauon. Growth rate was determined by divid-
ing the value of thickness by the deposition ume. A four-
po'nt probe was used 10 measure the electncal sheet ress-
tance of films on fused silica, from which resssuvity was
calculated.

The crystallography of films on fused silica was deter-
muned by double-angie 1-ray duffracuon (XRD) usag ua-
resoived Cu Ka radiation (A = | 5418 A) XRD peak po-
sutoa (26 £0.07°). maumum peak intensity (/), and full
wdth at half-maximum intensity (FWHM) were mes-
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F10. 1. The relative optical emission intennity from excited Nb atoms in
the discharge, where A = 4059 A (circies), 3079 A (diamonds), and 4101
A (squares).

sured. The diffractometer was calibrated using the {C1.1]
diffraction pesk of an a-quartz standard at 20 = 26.66
%0.02° whose FWHM is 0.18".

Fast-Founier transform infrared spectrometry was used
to determine absorpuior: due to lattice vibrations in films on
infrared (IR)-transparent (111)-Si. This measurement en-
abled phase identification based on short range order when
no long range crystaliographic order was present.

1it. DISCHARGE CHARACTERISTICS

I{A )y, relative to its value in a pure rare gas discharge
operated at the same cathode voltage 18 shown in Fig. | as
a function gas O, content. It can be seen that Rel. /(1)
vanshes after a small amount of O, has been added to the
discharge. This result indicates that atomic Nb 1s either no
longer present in the plasma or its concentration has been
reduced 10 below detection; Nb bonded to O in some form
of molecule 18 being sputtered from the oxdized target
surface layer. This molecuile 13 denoted ‘“Nb oxide™ here.

The gas O; crntent at which Rel. /(1) vanishes 13 de-
noted “Of © Of 1s equal to 1% O, for discharges operated
st — 13 4% for — 1.6 kV discharges, and 6% for dus-
charges operated at — | 9 kV discharges. A sumilar in-
crease 1n OF with increasing ¥, has been reported for both
Nb and other target matenals spattered 1n Ar/O,

4 Vor Sci Technol. A, Vel 10, Mo. 4, Jul/Aug 1992
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discharges.™'*-!* This effect is attributed (0 increased dis-
socistion of the target surface oxide under bombardment
by more energetic Ar* ions as ¥ is increased.

Values of rf forward power and growth rate are re-
corded in Table I, and shown as a function of gas O,
content for constant values of cathode voltage in Figs. 2
and 3. It can be seen from Fig. 2 that the rf forward power
does not change abruptly at Of. This result indicates that
the electrical impedance of the deposition setup does not
change significantly upon target surface oxidation. Similar
behavior was found when Nb,” V,'*!* and Au (Ref. 16)
targets were sputtered in Ar/O, and Ne/O, discharges. It
was hypothesized that an oxide, or a series of oxides, with
secondary electron emission characteristics similar to Nb,
V, or Au metal were formed at the target surface. The Y-O
system offers a contrast to this behavior. The formation of
a warget surface layer of yttria, which is 8 more efficient
secondary electron emitter than yttrium metal, caused the
discharge power to double at 03.'*"

It can be seen from Fig. 3 that after a small amount of
0, is added to the discharge. the growth rate decreases to
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< 30% of its value in a pure Kr discharge operated ai the
same cathode voltage. This phenomenon is well docu-
mented in the sputter deposition literature. In other metal-
oxygen systems that we have studied'*™"? (Y-, Zr-, V-,
Al-, Zn-, Ge-, Pt~, Au-0), the formation of a complete
target surface oxide layer (at Of for a given cathode voit-
age) is a requirement for a large, abrupt decrease in growth
rate (if one occurs). However, if the oxide that is formed at
the target surface does not offer a barrier 10 sputtering
greater than that offered by the meral, the grouwth rate will
not drop, as 1s the case of initial target oxidation in the form
of ZrO in the Zr-O system'’ and GeO in the Ge-O
system.'?

In the case of Nb-O films deposited in Ar/O, and
Ne/O, discharges over a range of ¥, from —~ 1.3to — 2.2
kV, we previously reported that Of and a large growth rate
drop were coincident.’ The data for Kr/O, discharges op-
erated at — 1.9 and — 1.3 kV presented above also show
this coincidence. However, in the case of Kr/O,, — 1.6 kV
discharges, OF occurs at 4% O,, before the drop in depo-
sition rate has stabilized at 5% O,. This result wili be
discussed further in Sec. [V in refation 1o the properties of
films grown in Kr/4% Q,, - 1.6 kV discharges.

IV. FILM PROPERTIES
A. Crystailography

The crystallography of films grown on fused silica is

discussed next. Films on (111)-Si using the sume growth
conditions yielded similar results. Films grown in pure Kr
discharges are bee Nb. Film 14, grown at — 1.3 kV has a
completely {110} orientation, with diffraction at 20
= 17.9%. corresponding to dj,; = 2.37 A.® Films | and
7, grown at —~ 1.9 and 1.6 kV have a strong preferred
) onentation, with 20 = 38.19°, ccniesponding to
dygy =235 A. Additional diffraction from Nb [211)
planes occurs in films 1 and 7, a1 20 = 69.23° correspond-
ing 10 d,yy,; = 1.36 A, and from Nb [222] planes in film 1,
at 20 = 107.23", corresponding 10 dy;;; = 0.96 A. Calcu-
lation of the lattice parameter using
a=dypu (# + 1 + 1) yields o = 3.35 A for film 14 and
@ = 3.32 A using all sets of | hkl} for films | and 7. These
values are in good agreement (within 0.7% for films | and
7. and 1 6% for film 14) with a = 3.30 A for bulk, un-
stressed Nb.

Films 2. 3. 8. and 15 grown :n Kr-O, discharges show
mult:ple. overlapping, broad, low intensity diffraction
peaks in two 20 ranges- from ~ 35 10 39° and from —65°
10 75° It s possible to attnbute these unresolvable peaks to
diffraction from Nb, NbO, and/or NbO, pianes. indicating
a structural confusion within the films. These films wil] be
referred to here as "Nb suboxide.”

Films 46, 9a. 9, 10-1). and 16-18 have no long range
crystallographic order detectable by XRD. These films are
called “amorphous.” but in fact they may contain nano-
crystallites whase size ts Lelow the coherence hmut of the
XRD expenment
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B. Resistivity

The resistivity of films grown on fused silica is recorded
in Table 1. Relating resistivity to crystailography, Nb metal
films 1, 7, and 14 have resistivity ~ 3 times larger than bulk
Nb metai, 12.7 uf2 cm, which is not surprising considering
the interfacial sources for electron wave scattenng within a
thin film. Nb-suboxide films 2, 3, and 15, have resistivity
ranging from 43 to 90 ufl cm, comparable to that previ-
ously reported for mixed Nb + NbQ films grown in Ar/0,
discharges.” However, Nb-suboxide film 8 has a low resis-
tivity, 13 4l em, compared to the other Nb-suboxide films.
NbO is a metallic oxide, and although we could not find &
bulk resistivity value for this matenal in the literature, its
presence in an appreciable amount is possibly responsible
for the low resistivity of film 8.

Amorphous film 9a aiso has a low resistivity, 15 u{l cm.
However, amorphous film 9b, grown under the same con-
ditions as film 9a, has much higher resistivity, 7340 u{} cm.
As mentioned in Sec. I[ A, the instrumental uncertainty in
gas O, content is £0.25 um. Apparenily, this set of dis-
charge conditions, a cathode voitage of — 1.6 kV and a
sputtering gas composition of 60 mTorr Kr/40+0.25
mTorr O,, sits directly atop a narrow transition region
between conductor and insulator growth, such that a smail
change in O, content (introduced by experimental uncer-
tainty cited in Sec. I A) produces a large change in film
properties. Amorphous films 4-6, 10-13, and {6~18 are
insulators.

C. Visual appearance

Tabie I records the visual appearance in normal inci-
dence light of films grown on fused silica. All Nb and
Nb-suboxide films are reflecting and gray in color, with the
exception of film 9a, which is semitransparent and blue,
and film 9b, which is semitransparent and dark yellow.
Insuiating films with no long range crytallographic order
are transparent and colorless.

D. infrared transmission

Infrared transmission spectra were obtained from films
on (111)-Si substrates included in the same sputtering runs
as fused silica. These films are labeled with a “prime.” Nb
films 1', 7', and 14’ and Nb-suboxide films 2°, 3', and 8’ do
not transmit IR radiation. Insulating, transparent, color-
less films 4'—6°, 10°~13", and 16'-18' have IR spectra iden-
tical to that previously reported for amorphous (a-)
niobia’ and these films are identified as such. A typical
spectrum, taken from film 12' in the 400-1300 cm ~ ! range
(25.0-7.7 um) 1s shown in Fig. 4(a). This spectrum con-
sists of a broad absorption band with local mimima at 600,
900, and 1080 c¢m ', and >90% transmussion at 1200
em ™'

Amorphous high resistivity film 9b yields the absorption
spectrum shown 1n Fig. 4(b). The common festures of film
9b and g-niobwa are local minima at 900, and 1080 cm ~ ',
>90% transmission at 1200 cm ~ ', and low transmussion
at 600 cm ~' How :ver, at low frequency, between 400 and
600 ¢m ~ ', film 9b does ot recover transmission and the
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absorption remains high. The spectrum of amorphous low
resistivity film 9a [Fig. 4(c)] shows similar characteristics
to that of film 9b, although the overall level of absorption
18 greater (due to free-carrier absorption) and the high
frequency absorption peak at 1080 cm ~' in Gim 9b is
shifted and considerably broadened in film 9a, extending
from 1000 to 1270 cm ~'. We previously observed similar
absorption behavior in a film, denoted *x-niobia,” that was
deposited using a Ne-O, discharge and a set of process
parameters which were at the boundary between Nb-sub-
oxide and a-niobia growth.’ Films 9a and 9b wiil hereafter
also be called x-niobia.

V. A PHASE MAP FOR Nb-OXIDES SPUTTER
DEPOSITED IN Kr/O, DISCHARGES

Based on the film chasactenzation data presented in
Sec. IV, metailurgical phases in the films were identified as
Nb, Nb suboxide, x-niobwa, and a-niobia. To construct a
phase map, first metallurgical phase regions were graphed
onto process parameter space. The process parameter-met-
allurgical phase diagram was then overlayed with the
growth environment parameters of interest here: (1) the
value of the fractional atomic Nb or molecular Nb-oxide
flux to the substrate determined from Egs. (1) and (2),
keeping in mind that / (NbB) + / (Nb oxide) = 1, and (2)
the process parameters at which formation of a complete

d. Vee. Sct. Technot. A, Vol. 10, No. 4, Jut/Aug 1992

19p O O LA a

'8 1(ND)20.97 o Nb
; 17 O Nb-suboxde
E 3 .Y
~i6p O pasa IS D
9
> 15 1(Nb-oxide)s1

14

13p jw] A a

0o 2 10 50
Gas %0,

F1a. 5. A phase map for the ND-O sysiem sputter depomted in Kr/0,
discharges showng the phases present as a function of gas O, content and
cat iode voltage. /£ {Nb) and 7 (NDb oxide) were calculated from Eqa. (1)
and (2). The solid line indicates NY, the gas O, content for s given ¥, at
which atomic Nb can no longer oe detected in the oischa ge.

target surface oxide layer occurred. The phase map for Nb
oxides sputter deposited in Kr/O, discharges is shown in
Fig. 5.

Determination of the fractional flux of sputtered target
species using Eqs. (1) and (2) depends upon two experi-
mentally measured quantities Rel. /(1) shown in Fig. 1,
and the grow:h rate G shown in Fig. 3, from which G, the
relative growth rate, is obtained. The film density relative
to Nb is also a factor in Eqs. (1) and (2). We used bulk
densities for this calculation. The bulk densities for Nb and
the Nb oxides are as follows: Nb (8.6 g/ecm’), NbO (7.3
g/em’), NbO, (5.9 g/em’), and Nb,0, (4.5 g/cm?).
Choosing a value for the density of the Nb-suboxide films
posed a challenge because overlapping XRD peaks pre-
vented the volume fraction of each phase to be meaning-
fully determined, as discussed in Sec. [V A. We therefore
used an sverage value of the densities of all possible com-
ponents in the suboxides, [pay + Pnvo + PNv0y)/3 = 7.23
g/cm’. This averaging introduces a r-==mum error of
19% into the calculation for relative density, that is, if the
film under consideration 1s either pure Nb or NbO,.

Vi. GROWTH CONDITIONS FOR Nb OXIDES

Optical spectrometry data (Fig. 1) showed that at a
cnitical value of gas O, content. Of, for a given target
voltage, the emission intensity irom Nb atoms in the dis.
charge disappeared. In fact, for most of the process param-
eter space probed here, Nb was delivered to the substrate, not
in atomic form. but bonded 10 O in some type of molecule.
The change 11, the nature of the arriving flux of target-
bearing species irom atomic Nb to molecular Nb oxide had
a profound effect on the type of phase formed in the film.
The following general observations relating the phase for-
mation sequenc to this changing flux and the swate of
target oxidation were made by considenng the phase map
shown in Fig. §.

(1) a-nobia was formed when the fractional flux of
molecular Nb oxide to the substrate was large (here unity)
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FIG. 6. A phase map for the Nb-O system showing the phases present
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and cathode voltage for (a) Ar/O, and (b} Ne/O, discharges. /(Nb)
and / (Nb oxide) were calculated from Eqgs. (1) and (2). The solid line
indicates Of, the gas O, content for s given ¥, at which atomic Nb can no
longer be detected in the discharge o7 iis level has been greatly reduced.

and the target surface was oxidized, thereby unable to get-
ter ail oxygen from the discharge and making it available
for reaction at the substrate.

(2) Nb suboxides were formed when the fractional flux
of atomic Nb to the substrate was large and the target
surface was not fully oxidized, thereby able 1o getter oxy-
gen from the discharge and making it unavailable for re-
action at the substrate.

(3) An amorphous, semitransparent transition phase,
x-niobia, was sometimes formed at the boundary of the
Nb-suboxide/niobia phase regions, under conditions of a
large Nb-oxide fractional flux and an oxidized target sur-
face, evidenced by the disappearance of Nb optical emis-
sion (Fig. 1). However, analogous to the Zr-O system
mentioned in Sec. II1,'® the nature of the initial oxige (in
the limit of small gas O, content for a given value of V,)
was possibly different than that formed at greater gas O,
content. As in the case of ZrO, this initial target surface Nb
oxide (for example. NbO) may getter oxygen from the
discharge. The resuit will be a deficit in the amount of
oxygen required to complete oxidation at the substrate to
form a-niobia.

Phase maps for Nb oxides deposited using Ar/C; and
Ne/O, discharges are shown in Fig. 6, taken from Ref. 7.
A3 in the present study, the regime used 1o obtain these
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phase maps was growth on a near-room temperature sub-
strate, low surface diffusion, and unity sucking coefficient
A comparison of Figs. 5 and 6 reinforces the three gener-
alizations made above describing the growth conditions
under which Nb oxides were formed. The fact that the Nb-
suboxide phase field was absent when Ne was used as the
rare gas component of the discharge is consistent with the
absence of a growth environment in which there is a large
atomic Nb fractional flux to the substrate and an unoxi
dized (or partially oxidized) target surface.

A comparison of the phase maps for Ar/O, and Kr/0,
discharges shows an interesting difference in structure
within the Nb-suboxide phase field. Nb-suboxides grown in
Ar/0, were biphasic Nb + NbO or NbO + NbO,, the type
of growth expected under conditions of thermodynamic
equilibrium. However, phase separation on a scale resolv-
sble by XRD was absent in Nb-suboxide films grown in
Kr/0, discharges. Although the reason for this difference
is as yet unknown, possible contributing factors are as fol-
lows. Within the Nb-suboxide phase region, the atomic Nb
fractional flux is larger when Kr, rather than Ar, is used.
To form a well-ordered suboxide (NbO or NbO,), these
free Nb atoms must react with oxygen before their surface
mobility is quenched by the subsequent arriving flux. There
is always an overpressure of neutral rare gas atoms on the
substrate, characteristic of the sputter deposition environ-
ment. Kr, with an atomic diameter of 2.06 A, compared to
Ar, with an atomic diameter of 1.76 A, may be more f-
fective in blocking the diffusion of a Nb or oxygen species
along the substrate. In other words, more Nb atoms must
react at the substrate and more severe limitations on their
surface mobility may make ii more difficuit for these atoms
to find a reaction partner when Kr, rather than Ar, is used.
The deposition rate in Kr/O, and Ar/O, was approxi-
mately tae same for a given set of process parameters,
hence the rate of arnving flux capable of quenching a re-
action, was not a factor.
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Phase formation in sputter deposited metal (V, Nb, Zr, Y) oxides:
Relationship to metal, metal-oxygen, and oxygen flux
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It is well documented that an oxide is formed on the surface of a metal target sputtered in an
O,-beanng discharge. The sputtered flux will, in general, consist of metal atoms (M) and
metal-oxygen molecuies (M-O). In this study, a senes of metal (M =V, Nb, Y, Zr) targets
were sputtered in rare gas-O, discharges. Films were grown on substrates at low temperatures
{70-325 *C). Optical emission spectrometry was used to index the growth envi;onment 1n terms
of (a) the fractional flux of M and M-O species to the growth interface, and (b) the availability
of oxygen for reaction at the growth interface. The w:terrelation of process parameters, phase
formation, and the growth environment indices was presented in the form of phase maps.

Common features in the phase maps of all systems were identified.

I. INTRODUCTION

Reactive sputter deposition, widely used for growing
metal oxide films, involves nonequilibrium growth at a
solid surface in contact with a low pressure glow discharge.
The growth environment is complex, does not easily lend
itself to even rudimentary in situ discharge diagnostics, and
has not been a topic of active study. Historically, research
was geared to developing process parameter-film property
relations with an eye towards making a film with desired
behavior. However, even the most detailed parametric
study is phenomenological and machine-specific unless it
contains growth environment information. The present pa-
per reviews a program that interrclates deposition process
parameters, phase formation in the film, and several im-
portant features of the growth environment for a senes of
metal-oxygen systems.

The experiment was carried out in a radio frequency
diode apparatus, the ssimplest possible configuration for re-
active sputter deposition. The discharge contained a rare
gas + O,. The targets were vanadium, niobium, zirco-
mum, and yttrium. These metals form a sequence down
column VB of the periodic table and across the second long
period. As . group, they have a broad range of oxidation
and bulk phase formation behavior. The independent pro-
cess parameters that were vaned were nominal sputtering
gas O, content, rare gas type (R), and cathode voltage
(V). Discharge power, growth interface temperature, and
growth rate are dependent upon all of these parameters.

A metal target surface sputtered in a rare gas containiny
a small nominal amount of O, getters oxygen (all types;
from the discharge. As the nominal gas O, content is in-
creased, an oxide forms on the target sur’\ e, gettening
reaches a steady state, and excess oxygen appears in the
discharge availabie for reaction at the growth interface.
The sputtered flux from a.u oxi” zed target surface in gen-
eral consists of metal atoms, M, and metal bonded to ox-
ygen in molecular form(s), collecuvely denoted M-O.'
Earher studies suggested that the fracticn of total flux sput-
tered as molecules was proportional to the M—O bond
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slreng(h.“ However, recent data show that even mole-
cules with a positive free energy of formation, such as AuO
and AuQ,, are sputtered intact.’

In light of the above, we asked the following questions
about the growth environment for the metal-oxygen svs.
tems studied here: (1) what is the fractional gaseous flux of
M and M-O, denoted /™ and MO  where
™M+ MO =, as a function of process parameters; (2)
for what process parameter sets, denoted Q(O,,R,V,),
does excess oxygen initially appear in the discharge, avail-
able for reaction at the growth interface? /™ and
Q(0,,R,V,) were used to index the growth environment.
A phase map was developed for each metal-oxygen sys-
tem, combining these indices with the relevant process
parameter-metallurgical phase relations. Common fea-
tures in the phase maps of all systems were 1dentified.

We know that the growth environment indices chosen
here give an incomplete pictrre. There are other factors,
including indigenous “activated™ oxygen species carrying
internal and/or kinetic energy whose bombardment of the
growth interface potentially has a strong influence on
phase formation. However, we feel that these species are
more likely to infinence long range structural order, espe-
cially in the high valence cxides, rather than controlling
stoichiometry. Thermodynamics drives each of these
metal-oxygen systems towards forming the high valency
oxide, using whatever form of oxygen is available.

il. EXPERIMENT
A. Film growth and characterization

Films were grown in an rf diode apparatus operated at
13.56 MHz by sputtenng a 13-cm diam. metal (M
= Nb,V.Y.2r) target bonded to a water-cooled ( ~ 15 *C)
Cu cathode. Suprasil fused silica, (111)-cut Si, and carbon
foul substrates were used, each required for a specific post-
deposition analytical technique. The target-substrate spac-
ing was 6 cm, the base pressure was < 5x 10 *’ torr, and
the working gas pressure was | x 10~ ? torr.
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In this experiment, the sputtering gas O, content was
varied over a range that included a metal to high valency
oxtde growth "equence in the films. The rare gas (Ar or
Ne) ion, not O," , was the majority sputterer throughout
this range. Several values of cathode voltage, measured
peak to peak duning a 13.56 MHz f cycle, were investi-
gated for each gas composition. Changing these process
parameters has an anticipated influence on the growth en-
vironment indices. A higher ¥, and more massivz R cause
a greater extent of target surface oxide dissociation upon
sputtering,®’ resulting in a larger /™ and a shift of
Q(0,.R.¥,) to higher gas O, content. In addition, R at-
oms in low-lying metastable energy states (R™) engage in
plasma volume reactions with ground state O,. Two
plasma volume reactions, Penning ionization,® and disso-
ciative transfer of excitation® produce oxygen that is more
reactive with metal or suboxide at both electrodes when
Ne, rather than Ar, is used,'® with the effect of decreasing
/™ and shifting 0(0,.R,¥,) to lower gas O, content.

The rf forward power as a function of gas composition
and V, for the metai-oxygen systems studied here is rc-
ported in Refs. 11-15. Contact with the plasma heated the
growth interface, with most of the temperature nse ccur-
ring within the first 5 min of exposure. In a separate ex-
penment, films were deposited on Si for 30 min and the
discharge was extinguished. A movable thermocouple was
then immediately placed in contact with the film surface,
the rate of temperature decay was measured, and the tem-
perature at the time of discharge extinction was
c.timated.'® For our setup, temperature (T) in degrees
kelvin (K) was found to be strongly dependent upon rf
forward power (P) in watts (W) according to the emp:r-
ical relationship P = (3.5%10 ~® W/K )T* + 50 W. The
working temperature ranged from 73 °C jor a 100-W dis-
charge to 375 °C for a 670-W discharge.

Specific details of post-deposition film analysis are ref-
erenced in Secs. 1II-VI. In summary, thickness was mea-
sured with a profilometer. Films were from 1 to 10 kA
thick. with high valency oxides in the 1-5-kA range. The
growth rate was Jdetermined by dividing thickness by
growth time. The crystailography of films oa silicon and
silica was determined using double-angle x-ray diffraction.
Rutherford backscattering spectrometry was used to ob-
tain the M:O atomic concentration ( +10%) of films on
carbon ribbon. Fast Fourier transform infrared spectrom-
etry was used to measure optical absorption due to lattice
vibrations in films on silicon, giving information about
metaj-oxygen short range order. Resistivity < 10' pulcm
was determined from four-point probe measurements of
films on silica. Near ultraviolet-visible-near infrared opu-
cal transmission and reflection were measured by double-
beam spectrophotometry for films on silica, from which the
‘optical absorption coefhicient was calculz ~d.

B. In situ discharge diagnostics

Optical emission spectrometry was used for i sifu dis-
charge diagnostics.'” A spectrometer with 1200 and 2400
groove/mm holographic gratings capable of 0.5 A resolu-
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tion was used to detect radiation of wavelength A emitted
from the plasma volume through an optical window with a
transmission cutoff at 3200 A.

Emission data from excited M, O, and O," species only
were used to develop the formalisms 1n Secs. 11 B2 and
11 C relating to phase mapping. However, VO, ZrQ, and
YO bands were also observed but their intensities were
difficult to quantify due to the mixed-gas nature of the
plasma.

1. Emission from metal atoms

The intensity of radiative electronic transitions of ex-
cited neutral metal atoms to the ground state was moni-
tored at 4 = 4112, 4379, 6150, A for V; 4059, 4101, 5079,
$344 A for Nb; 3520, 3548, 3601 A for Zr; and 3621, 4128,
4143, 4236, 6191, 6793 A for Y.

The intensity detected at A due to a transition from
upper state j to lower state  is'® 1, =1{(hc/
4mA)A;n,g(A)), where A, is the Einstein coefficient for
spontaneous emission, 7, is the upper level population den-
sity, h is Planck’s constant, ¢ is the speed of light in vac-
uum, and g(A) is the detected fraction of emitted radia-
tion. n, = P, n,, where n, is the lower level density and P,
is the probability of excitating an atom to the upper level.
P, = ] n(v)a(v)dv, where n,(v) is the free electron den-
sity in the plasma, and o(v) is the scattering cross section
for excitation of an atom from i to j by impact with a free
electron with velocity v. In terms of the ground state pop-
ulation density, /,, < 2P, g(1)/A.

With respect to metal atom emission intensity, /™, in an
optically thin plasma in local thermal equilibrium.2 g(4)
is independent of ¥, and gas composition. n™, the ground-
state metal atom density, is durived {rom the sputter yield,
and therefore varies with ¥, and gas-composition. P, is
also a function of ¥, and gas composition, since these pa-
rameters potentially affect n,(v) and o{v). However, the
gas composition range of primary interest here coincides
with a large change in If‘: occurnng over a small range of
O, content. P, is therefore considered to be a function of R
and ¥, only. Therefore:

Ir'R'yrdﬂ,M’R.y(. (l)

That is, for a given rure gas type and fixed cathode voltuve
but varying gas O, content. the detected emission 1ntensity
due 10 excited metal atoms returning to the ground state 1
proportional 10 the density of ground siate metal atoms in
th: discharge.

Using Eq. (1), the relative ttensity (/™ inan R O
discharge operated at § relauve to ity

value in g
pure R discharge operated at the same V) «
I' = aMg, /nMa vo. o The detection hmt of #* us

g our experimental sctup. obtained from the rmy noie
hmit on the I,‘: sigaal s < 10" atomssem ™ This it cor
responds to a partial pressure of — 10 " torr, six orders of
magnitude lower than the working gas pressure
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2. Fractional flux of M and M-O to the growth
interface

Unity sticking coetficient of the sputtered flux at the
prowth intertace (neghgible desorption into the vapor) s
assumed. For any ilm composition, the total arnval flux of
M atoms plus M-O molecules 1s F = GNVp/W. W is the
molecular werght/mole ot film, .V is the number of M
atoms/mole of film, and p 1s the fi!lm density. The total Aux
of all sputtered M-bearing spectes for any {O, R,V } set,
relative 1o its value in a pure R discharge at the same V_,
15

F' = (GNp/W) 'y, /(GNp/W g o, .0
=GN /W (2)

Writing F’ as the sum of contributions from M and M-O
species, and identifying F*™ with 1’

F=I + FM®© (3)

Combining Eqs. (2) and (3), and normalizing to a total
flux of unity, the fractional flux of M atoms to the growth
interface 1s

M=r/GNp /W), (4)

and the fractional flux of M—Q molecules to the growth
interface is MO =] - M Equation .(4) expresses Min
quantities that can be experimentally determined.

3. Emission from oxygen species

Excited O, molecules do not produce an easily detect-
able emission spectrum in low pressure glow discharges.”'
Emis.on from O atoms, at 4 = 3947, 5331, 6157, and
7772-5 A, and from the first negative system of O,
1ons,”* which produced bands throughout the visible spec-
trum, was monitored. The inmual appearance or rapid in-
crease in O and O, emission was used as evidence of the
target’s inability to getter all O, from the discharge.

C. Phase mapping

Phase maps were constructed by graphing phase fields
onto process parameter space and overiaying with the
growth environment indices, which are as follows: (1) The
fractional atomic metal flux to the growth interface, fM.
calculated using Eq. (4).

(2) The initial appearance or rapid increase of oxygen
in the discharge available for reaction at the growth inter-
face, at the coordinates Q(0,,R,¥,). This set of coordi-
nates is showa on the phase maps that follow for each rare
gas type as “Q(0,,¥,)".

Il. VANADIUM-OXYGEN SYSTEM

There are single and mixed valency bulk vanadium ox-
1des at STP.** The phase sequence of -ingle valency oxides
s VO-V,0,.V0,-V,(0,, A homologous senes,
V.0q, _ i with 3<n<9 1n which V takes on + ) and + 4
valency lhes between V.0, and VO, A sccond senes,
V.05 . with 3<n<6, 1n which V takeson + $and +§
valency, lies between YO, and V,;04. The mixed higher
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valency vanadium oxides and V,05 (vanadia) are based on
ReOj-archetype blocks.?*?* Changes in stcichiometry are
accommodated by extended defects linking these blocks.

In spite of the multituce of bulk vanadium oxides, only
two structures occur in the films studied here:'"'%2"%® ¢rys.
talline (c-) vanadia and a matenai that yielded no diffrac-
tion pattern, temporarily denoted “V-oxide.” All films
were transparent, colored insulators with a2 V:O atomic
ratio of 0.4 ( £10%).

Bulk vanadia has an orthorhombic lattice.”® Its ex-
tended structure consists of alternating layers of V + O
atoms and O atoms alone (vanadyl O) onented parallel to
the b axis or (010) crystallographic direction. In this
study, c-vanadia grew with the b axis in all crystallites
onented normal, i.e., layers parallel, to the substrate. The
interlayer spacing, b, shown in Fig. 1 as a fu:action of gas
0, content, vanied from less to greater than the bulk con-
stant by = 4.373 A in films grown in Ar-0,,""¥"?* and was
always greater than b, in films grown in Ne-O,
discharges.'?

An intriguing feature of vanadium oxide films, and ac-
tually a clue to understanding their short range order, 1s
their green or yellow color in transmitted light. Each struc-
ture can have either color, so that there were four possible
combinations: green V-oxide, yellow V-oxide, green
c-vanadia, and yellow c-vanadia. Bulk single crystal vana-
dia is yellow. Spectrophotometry studies’®01 of as-grown
and air-annealed films showed that the green color resuits
from an intragap absorption band near the fundamental
optical absorption edge, produced by a V **-vanadyl O
vacancy defect. In films, these defects are associated with
b < by, and if present in sufficient number, cause local order
in adjacent V 4 C planes to collapse, resulting in 2 stack-
ing V,0,y fault.’>** The relatonship between interlayer
spacing, colnr, and intragap absorption can be seen from
Fig. 2. whic 1 shows the optical absorption coefficient ver-
sus wincident photon energy for a sequence of films with b
ranging from 4.363 to 4.381 A.

The fact that V-oxide can be either green or yellow
indicates that short range, not long range, order dctermines
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color; vellow films satisfy the condition of five O coordi-
nated with a central V whereas green films do not. Yelfow
V-oxide films lack the intragap absorption band associated
with green color in c-vanadia with o < 6y, and have infra-
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red transmission spectra sin lar to that of yellow
c-vanadia. Yellow V-oxides arc hereafter denoted ‘“a-
vanadia.” All ph~se fields are shown 1a Fig. 3.

With respect to calculating /" for the a- and ¢-vanadia
phase fields, /° and G’ were taken {rom Refs. 11 and 12,
and the bulk V,Oq density was used in Eq. (4). The un-
known density of the V-oxides allowed only the semiquan-
tiative estimate of /Y70 to be made in that phase field. /¥
and Q{0,.¥,) are shown n Fig. 3.

It can be seen thar the growth of a-vanadia and
c-vanadia with b > b, growth, 1.¢.. all yellow films, was co-
incident with (a) a vamishingly small 1V; V-0 arnved at
the growth interface and (b) oxygen available for reacuon
at the growth interface. V.oxides and c¢-vanadia with
b < by, 1.2, all green films, were grcwn when /¥ was non.
vamishing and there was insuflicient oxygen for reaction at
the growth interface.

Figure 3 <hows that both a- and c-vanadia grew urder
conditions of a vanishing /¥ and oxvgen available for re.
action at the growth interface c-vanadia replaced
a-vanadia as the gas O). content and ¥, increased. Figure 4
shows the phase fields for ¢- and ¢-vanadia mapped onto
power -growth rate coordinates. with growth tempercture
indicated on the abscissa. Lower rate and higher power
thigher temperature) promote ¢-vanadia growth, a general
trend that v in agreement with the classic results of Ke.ko
nan and Sneed ! on the clemental Ge system. The g -c
vanadia transinion appears o be independent of gas com
position within th= cyvpernimental uncertainty of power
€08 W supporting the nlea «* a thermaily 1nduces
structure change However, 1 ose ¢ .ta show that the trun
“non temperature for g- < vanadia growth v so low,
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~220°C, that the role of active oxygen in athermally as-
sisted crysmlhzanon”"’ needs to be considered.

V. NICSIUM-OXYGEN SYSTEM

The phase sequence of bulk niobium oxides at STP is*
NbO (fce, NaCl structure) ~ NbO, (tetragonal) — Nb,O,
{several related rhombohedral forms collectively called
niobia). In addition, there is a mixed valency homologous
senes between NbO, and Nb,Og with the general formula
Nb,, , ,0,, _ ;" Asin the case of mixed valency V-oxides,
this series as well as the niobia polymorphs are based on
ReO; archetype blocks.

With respect to sputter deposited films,'’ Fig. 5 shows
that Ar-NO, discharges {Fig. 4(a)] produced Nb + NbO
and NbO + NbO, biphasic structures, whereas Ne-0O, dis-
charges [Fig. 5(b)] produced no suboxides. Crystalline
{c-) niobia grew only when a high voltage Ne-50% O,
discharge was us:d. a-niobia with no long range crystalio-
graphic order grew over a large region of process parame-
ter space. All a- and c-niobia films were transparent, col-
orless insulators with Nb:O atomic ratios from 0.39 to 0.44
(%10%). In addition, a semitransparent, grey material
denoted “x-mobia” which had no long range order, a finite
resistivity, and an IR absorption spectrum with a strong
a-mobia component, was formed at the Nb-suboxide/a-
niob1a phase boundary. '

With respect to calculating /™®, /° and G’ were taken
trom Ref. 13. The bulk rhombohedra! Nb,Cs density was
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FIG. 6. A phase map for the zirconium-oxygen system. O, Zr; §, ZO, V
m+ :2r0,; O, m-2:0,; sold line. Q(O,.V,), /U data only for
V.= - 19kY, shown as dashed hine.

used in Eq. (4) for a- and c-niobia films. Deciding the
correct density for biphasic films was a challenge because
overlapping diffraction peaks prevented the volume frac-
tion of each phase to be precisely determined. We therefore
used the limits of possible density to calculate two separate
data points for cach set of {G'.]'} for mixed Nb + NbO
and NbO + NbO, films. f™° and Q(0,,V,) are shown in
Fig. 5.

It can be seen that a- and c-niobia growth was coinci-
dent with (a) a small /™, > 809 of the sputtered flux that
arnved at the growth interface was Nb-O, and (b) oxygen
available for reaction at the growth interface. x-niobia also
formed when /™™ was large, but in this case, there was
insufficient oxygen at the growth interface 1o complete ox-
idation. Biphasic metal and suboxide films grew when
was large; >70% of the Nb sputtered from the target
arrived at the growth interface as atoms, and there was
insufficient oxygen for reaction at the growth interface.

V. ZIRCONIUM-OXYGEN SYSTEM

Monoclinic (m-) ZrO, is the only bulk zirconium oxide
at STP.“2 However, Fig. 6 shows that ZrO, a metastable
phase, and 1-2rO,, a high temperature polymorph, were
formed in addition to m-ZrO, in sputter deposited
films.*'

ZrO was identified on the basis of three orders of dif-
fraction from {111} planes of its NaCl-type fcc structure.
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a mixture with m-zirconia. In bulk matenial, m + 1-ZrO, 0 2 & 0 20 «
coexist when the crysiallite diameter is small.*** In sput-
ter deposiied films, the amount of 1-ZrO, was also related Gas %02

to the crystallite diameter,*? as shown in Fig. 7. 1-ZrO, was
not stabilized in crystallites with diameter > 13 nm. The
reason(s) for ¢-ZrO, stabilization at room temperature is
still under debate. An early tut challenged explanation is
that 1-ZrO, is the stable phase for small crystallites, due to
the dominance of the surface energy contribution to the
Gibbs free energy of formation when the surface area/
volume ratio is large. Another explanation is that r-ZrQ, is
indeed formed as a metastable phase, but there is an insuf-
ficient driving force to overcome the kinetic barrier to
transform it to m-ZrO,. m-ZrO, films formed with either
solely {111} planes (closest-packed planes in the struc-
ture) or the twin {111-111} planes parailel to the sub-
strate.

With respect to electrical and optical behavior, the re-
sistivity of ZrO films was 272 + 14 u() cm, compared to 40
u€l cm for Zr. ZrO films were metailic in appearance with
a reflectance of 0.52 at 0.5 um radiation, compared to 0.67
for Zr. All ZrO, films were transparent, colorless insula-
tors. The fundamental optical absorption edge of m-ZrO,
and m + -ZrO, films was studied and related to band
structure calculations for each polymorph.****** The fact
that single-{111} orientation m-ZrO, could be produced
allowed easy spectrophotometric analysis of this material
without internal scattering from {111-111} twin bound-
anes that are prevalent in bulk matenial. An initial indirect
transition across the energy band gap of m-ZrO, at 4.70 eV
and two direct transitions at 5.17 and 5.93 eV were iden-
tified.

With respect to calculating /%, I’ data were known
only for ~ 1.9-kV discharges. Combining this data with G*
(Ref. 43) and the relevant bulk densities, /& was calcu-
lated to be <0.3 for Ar discharges containing 2-20% O,.
I'. hence fZ, vanished for Ne (»2%)-O, discharges, ic.,
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FIG. 8. A phase map for the yttnum-oxygen system @. c-Y, closed @,
a-Y; A, muluonentation c-yttna; 0, {111}-c-yttna; O, a-yttna; solid hine,
Q(0,.¥,).

SE0=1 fFat —~ 1.9k, as well as Q(0,,V,) for Ar-O,
and Ne-O, discharges operated at all values of V,, is
shown in Fig. 6.

It can be seen that a large is associated with zir-
conia formation if there is sufficient oxidation availabie for
reaction at the growth interface. A large f2'© is also as-
sociated with ZrO growth if there is insufficient oxygen at
the growth interface to complete oxidation. Similar condi-
tions produced x-niobia, as described in Sec. 1V. Based on
these resuits, we proposed*' that ZrO was the first oxide to
be formed at the target and sputtered intact. Only when
ZrO, was formed at the target at Q(O,,R,V.) and the
target ceased to getter all oxygen from the discharge was
ZrO, formed in the film.

fZ:-O

VI. YTTRIUM-OXYGEN SYSTEM

Y,0; (yttria) with a bee bixbyite structure 1s the only
bulk yttrium oxide at STP.*® The 80-atom umit cell has a
distorted fluorite structure with vacancies on } of the an-
ionic sites. Y occupies two structurally nonequivalent but
chemically equivalent sites within the unit cell.

Figure 8 shows the crystalline (¢-) yttna films grew in
Ar-0, discharges, with a sole {111} onentation over much
of the phase field. In addition, a phase with no long range
crystallographic order (a-yttria) formed in films grown in
Ne-O, discharges operated at low V . All a- and ¢-yttria
films had a Y:O atomic ratio of 3:2 ( £10%) and werc
transparent, colorless insulators.
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Eqy=51ev.

The fundamental optical absorption edge of c-yttria
grown under certain conditions described below consists of
two direct interband transitions, at 5.07 and 5.73 eV, as
shown in Figs. 9(a)-9(c).** This edge is denoted “sharp”
and its structure is derived from two split-off Y 44 sub-
bands at the bottom of the yttria conduction band. c-yttria
grown under other conditions, also described below, has 2n
optical absorption edge in which the distinction between
the subbands is obscured, as shown in Fig. 10. This edge is
denoted “smeared” and is similar to that of g-yttria, also
shown in Fig. 10.

Infrared vibrational absorption spectra data for a- and
c-yttria are recorded in Table 1. A single, large peak dom-
nates all spectra. The vibrational frequency v, ajthough
lower for ¢- than a-yttria, lies within the range reported for
bulk crystalline yttria.*’** However, the distribution about
this fr _quency, Av, is smaller in c- than in g-yttria, indi-
cating a smailer distribution about an average Y—O bond

J. Vac. Scl. Technol. A, Vol. 11, No. 4, Jul/Aug 1993

from Fig. 9.

length (or strength). IR absorption does not distinguish
between c-yttria with a sharp versus smeared optical ab-
sorption edge, suggesting that disruption of crystal field
symmetry (long range order that depends upon the correct
distnbution of Y in the two structurally nonequivalent sites
within the unit cell), rather than short range order, is re-
sponsible for edge smearing.

With respect to calculating f Y. I' and G’ for Ar-0,
discharges were taken from Ref. 14 and used with the buik
yttria density in Eq. (4). f' and Q(0,,¥.) are shown in
Fig. 8(a). /Y could not be calculated for Ne-O, discharges
because there was a selective enhancement of two of the
optical transitions monitored here, by a yet-to-be identified
broadband source. (One possibility is dissociative transfer

TasLE |. Infrared absorption charactenstic of yttria films sputter depos-
ited on (111)-Si.

Film Edge type viem™'y aAv (em~")
1. c-yttria Sharp 561 2
2. c-yttris Smeared 559 20
3} a-yttra Smeared 571 32

Single crystal (Ref. 43): v = 561 cm ~ ' bulk powder (Ref. 44):
v=380cm’

———

‘4cm!
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of excitation from Ne™ to a sputtered YO molecule.)
Equation (4) was therefore not valid. However, it is qual-
itatively argued'**? that there was a large excited atomic Y
flux incident on the growth interface, denoted /¥* in Fig.
8(b), when Ne-O, discharges were used.

It can be seen that growth of ¢-yttna with a sharp op-
tical edge was coincident with (a) a small fY; ~85% of
the sputtered flux that arnived at the growth interface was
Y-O, and (b) oxygen available for reaction at the growth
interface. c-yttnia with a smeared optical edge and a-yttria
formed when /Y increased, and in fact, a large flux of ex-
cited Y atoms was present. Even though there was suffi-
cient oxygen at the growth interface to complete oxidation,
there may not have been time to form an ordered structure
before the arriving flux quenched surface diffusion. Yt-
trium metal films grew when /¥ was large and oxygen was
not available for reaction at the growth interface.

Vil. SUMMARY

In this study, a series of metal (M = V,Nb,Y,Zr) tar-
gets were sputtered in O,-bearing discharges. Films were
grown on substrates at low temperature (70-325 °C). Op-
tical emission spectrometry was used to index the growth
environment in terms of (a) the fractional flux of M and
M -O species to the growth interface, and (b) the availabil-
ity of pxygen for reaction at the growth interface. The
interrelation of process parameters, phase formation, and
the growth environment indices was presented in the form
of phase maps.

Three common features were observed in the phase
maps:

(1) A small or vanishing /™ (large /M) and oxygen
available for reaction at the growth interface resulted in
high valency oxide growth, e.g., a- and c-niobia, c-yttnia,
m + t- and m-zirconia, and a- and c-vanadia.

(2) A small or vanishing /™ (large /™) but insuffi-
cient oxygen at the growth interface resuited in suboxide
growth, ¢.g., ZrO, x-mobia, and possibly V-oxides.

(3) A large /™ and insufficient oxygen at the growth
interface resulted in metal and suboxide growth, eg, Y.
Nb, NbO, NbO,, and possibly V-oxides.

These results show that ™ as well as /™ must be
taken into account when modeling reactive sputter deposi-
tion. Highest valency oxide films are in general grown by a
reaction between M-O and oxygen at the growth interface.
However, the growth environment indices used here do not
explain differences in the structure of the highest valency
oxides in the same system, e.g., crystalline versus vitreous
var.adia, monoclinic versus tetragonal zirconia. The exam-
ination of additional growth environment features is un-
derway, including consideration of the kinetic eneigy and
electronic excitation of oxygen species.
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Core level and valence band x-ray photoelectron spectroscopy of goid oxide

Carolyn Hubin Ata™ andNgocC. T.an
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Reactive sputter deposttion was used to grow a phase-separated 0 40 Au/0 56 Au,0,/0.04 Au-
hydioude cermet film and t-ray photoelectron spectroscopy was used toexamrre the Au 4fand O
15 core electron binding energy of each phase The valence band structure of Au, O, is reported
here for the first time, and consists of an O 2p clectron-denved peak centered at 5.5 eV and a
density of states that approaches zero at the Fermi energy, characteristic of a semiconductor. The
results are compared to other third long period conducting and semiconducting oxides.

1. INTRODUCTION

Auric oxide (Au, 0, ), with a volume frec-energy of forma-
uonof + 39kcal/mol,' cannot oe synthesized in bulk under
conditions of equilibrium thermodynamics. We have, how-
ever, used reactive sputter deposition to produce ceramic-
metal composite (cermet) films in which one of the compo-
nentsis Au,0,,” and used x-ray photoelectron spectroscopy
to determine the chemical shift in Au 4/ core electron bind-
ing energy in this compound. Here, a corresponding shift in
the O Is electron binding energy is reporied. Furthermore,
the valence band structure of Au, O, is reported for the first
time, and discussed in relationship to the oxides of other
third long period metals.>™

il. EXPERIMENTAL

An Au/Au-oxide cermet film was grown on a Si-(111)
substrate by sputtering 2 99.99%, 76 mm diam Autargetina
radio-frequency (rf)-excited 509% Ne-50% O, discharge.’
The substrate was chemically cleaned using a chelating pro-
cedure before being plzaced in the chamber and sputter
cleaned in an Ar discharge before deposition. The sputtering
chamber base pressure was < 5x 10’ Torr. The sputtering
gases, 99.996% pure Ne and 99.99% pure O,, were ad-
mitted separately into the chamber using mass flow control-
lers. The total gas pressure was 1% 10”2 Torr. The depo-
sition was carried out at — 1 kV peak-to-peak cathode
voltage with a grounded ancde. With a shutter covering the
substrate, the target was sputtered for 10 min in Ne and then
for 10 min in 50% Ne~50% O,. When an Au target is sput-
tered in an O-bearing discharge, Au—-O molecular complexes
are formed at and sputtered from the target surface.”® The
delivery of these complexes to the substrate is essential for
Au-O bonding in the ilm.>* The purpose of the presputters,
therefore, is to allow target surface reactions that produce
these species to reach dynamic equilibrium. The shutter was
then opened and a 70-nm thick film was deposited at the rate
of 1.2 nm/min.

A Perkin-Elmer PHI Model 5400 electron spectroscopy
for chemical analysis (ESCA) system equipped with a 15
keV Mg Ka radiation source was used for core level and
valence band x-ray photoelectron spectrometry. The instru-
ment was calibrated using the Au 4f;,, electron binding en-
ergy of a gold foil standard at 84.0 + 0.2 eV.
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With respect to other film properties, the crystallography,
resistivity, and optical reflectivity at 500 nm incident photon
wavelength were reported in Ref. 2. To summanze here, the
film showed a single broad x-ray diffraction (XRD) peak
attnbutable to (111) planes of the Au lattice. The integrated
intensity of the peak was 1/100th of its value for an Au film
of the same thickness. The electrical resistivity of the film
was 7.5 + 1.1 X 10° 40l cm, ~ 3 orders of magnitude greater
than that of a pure Au film of the same thickness. The optical
reflectivity at 500 nm is 26 4 4%, ~ 1/2 of its value for an
Au film of the same thickness, and of the bulk matertal. The
cermet film had a bronze color in reflected light.

lil. Au 47 AND O 1s CORE ELECTRON BINDING
ENERGY

The Au 4f electron spectrum of the cermet, shown in Fig.
1, is more complicated than for a pure Au film, shown in the
insert, and is resolved into five Gaussian peaks with binding
energy and relative integrated intensity recorded in Table I.
These peaks can be related to contributions from metallic Au
and Au bonded to O in two different oxidation states using
the following information: (1) the Au 4f;,, and 4f;,
clectron binding energy for metallic Au is 840 and
87.7 eV, respectively, (2) the energy splitting between the
Au 4f,,, and 4f;,, total angular momentum (J) states
corresponding to the same Au oxidation state is 3.7 eV, and
(3) the integrated intensity ratio of the 7/2:5/2 states
is equal to the ratio their multiplicities (2J+ 1),
{12(772) + 1):{2(572) + 1]} = 4:3.

With respect to Fig. 1, peak A is attributed to the 4/,
state in metallic Au. Peaks B and D, whose integrated inten-
sities /(B) and /(D) are in the ratio of 4:3, are attributed t0
the 4f,,, and 4f;,, states of Au bonded to O in a phase de-
noted here “Au-oxide 1.” Peak E is attributed to the 4f;,
statc of Au bonded O in a phase denoted here “Au-oxide 2.”
Peak C is the sum of contributions from the 4f;, state in
metallic Au, of intensity is 3/(A)/4, and the 4f,, state in
Au-oxide 2, of intensity 4/( E)/3. The fact that the measured
intensity of peak C equals the calculated intensity
(31(A)/4] + [4I(E)/3) supports the correctness of its as-
signment.

Based on the chemical shift observed for the anodic oxida-
tion products of Au,'® Au-oxide | was identified as aunc
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Fic. | The Au 4f and O Is electron binding energy spectra of a 040
Aw/0.56 Au, O, /0.04 Au-hydroxide cermet film. The intensity scale factor
of the Au 4/ spectrurn is 3X that of the O Is spectrum. The Au 4/ electron
spectrum of an Au film is shown in the insert.

oxide, Au, O,, and Au-oxide 2, as a hydrated form, possibly
Au(OH),. In addition to the electrochemical study cited
above, Au 4f electron spectra of the form shown in Fig. |
have been obtained from an Au surface that had been sput-
tered in C,,"" and from an Au surface that had been etched
inCF, and subsequently hydrolyzed in air.'? The atom frac-
tion of Au in each phase of the cermet was calculated from a
ratio of the Au 4f,,, electron peak intensities, and the phase
composition of the cermet was determined to be 0.40
Au/0.56 Au,0,/0.04 Au-hydroxide.

The O 1s electron binding energy peak of the cermet,
shown in Fig. 1, is centered at 530.1 eV, and based on electro-
chemical data'® is attributed to O bondzd to Au in Au,0,.

TABLE |. XPS Ay 4felectron binding energy in 2 0.40 Au/0 $6 Au, 0, /0 04
Au-hydronide cermet film

Binding energy

Peak (eV) Rel intensity  J, assignment
A 840 60 1/2 Au
B 859 100 172 Ay, 0,
C 877 53 5/2 Au +
7/2 Au-hydronde
D 896 75 $/2 Au,0,
E 94 [ $/2 Au-hydroxice
\\—-—

d.Vac Qri Tarhnal A VAl 6 Na 2 88307 Lin 1001

C R Aitaand N. C Tran: Core level and valence band XPS of AuO

1499

The small shouldei at ~ 532 5 eV is attributed to O in water
and/or hydroxyl groups.'®'? The ratio of Au/O atoms in
the Au, O, phase of the czrmet was calculated from the ratio
of the integrated intensities of the Au 4f,,, neak in Au,0,
(peak B) to the O 1s peak, adjusted to the same scale and
dvided by their sensitivity factors,'’ and found to be 0.6, in
good agreement with stoichiometry.

On the basis of XRD and x-ray photoelectron spectrosco-
py ( XPS) data, the proposed structure of the film is that of a
phase-separated material consisting of a mixture of Au and
Au,0,, with a small amount of Au hydroxide. The O-bear-
ing phases have no long range order det>ctable by XRD, and
the Au phase is microcrystalline.

IV. Ay, 0, VALENCE BAND STRUCTURE

Figure 2 shows the upper part of the valence band of the
cermet, from the Fermi level ( £ ) at zero binding energy to
10¢V below £f. The valence band spectrum obtained from a
metallic Au film is shown for comparison in the insert in Fig.
2. The Au 5d states do:minate the metallic Au spectrum from
1.5-8 eV, with Au 6s states at the Fermi edge.'* The cermet
valence band spectrum is a composite of contributions from
metallic Au and the O-bearing phases. The metallic Au com-
ponent was separated out, assuming the same atomic density
for Au in the pure metal film and in the metallic component
of the cermet. The difference spectrum, shown in Fig. 3,
represents the valence band of Au, O,, “contaminated™ with
~ 7% Au hydroxide. This spectrum consists of a single peak
centered at ~ 5.5¢V below E,, with shoulders at ~2 and 8
eV, and is similar in form to the valence band of a-PtO, .’
ReO,* and Na, WO, (sodium-tungsten bronzes)® valence
band spectra have similar structures centered at 5.5-7 eV
below E, which are attributed to O 2p-Cerived states. The
high energy binding shoulder is possibly due to the 3o orbital
of OH -, keeping in mind that the fine structure in the cer-
met-minus-gold valence band difference spectrum shown in
Fig. 3 is somewhat speculative because the cross section for

. WO T S T U T N W S S W W U S W W R ———
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Fi. 3 Lhe valence band of the Au.1), phase of the cermet, including 7%
Au hydroude The intensity scale factor is the same in Figs 2 and 3

Au 5d electrons is much larger than for O 2p electrons. How-
ever, unlike ReO,, Na, WO,, and other third long period
conducting oxides, IrQ, and OsO,, which have filled metal
d-O 2p, states that form a spht-off band centered just below
E; with a significant number of states at £,,°® it can be seen
from Fig. 3 that the number of valence band states tn Au, O,,
like PtO,’ approaches zero at E,, charactenistic of » semi-
conductor.
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Sputter deposition of highly (1004 001)-textured tetragonal barium
titanate on unheated silica using a neon discharge
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The sputter deposition of highly (100 + 0C1)-textured ietragonal BaT:0; on unheated
substrates using a pressed powder BaTiO, target and a radio frequency-excited Ne discharge
1s reported. For comparnson. amorphous BaTiO, was aiso produced. using an Ar

discharge operated at the same value of all other independent process parameters. /n sifu
discharge diagnostics using optical emission spectrometry was used to study the plasma
volume. Data show that there was atomic Ti but no atomic Ba in the Ne discharge used

t0 produce (-BaTiO,. However, both atomic Ba and Ti were 1dentified in the Ar discharge used
to produce a-BaTiO,. A probable source of free Ba atoms in the plasma 1s the reduction

of BaTiO, at the target surface due 10 the sputtening action of Ar ™ ions. By companson with
other sputter-deposited metal oxide systems. the effect on film crystallinity of atomic

metal versus molecular metal oxide flux incident on the substrate is discussed.

At room temperature, barium titanate (BaTiO,) is a
wide band gap ferroelectric matenal with a high dielectnc
constant and high optical index of refraction. The bulk
matenal has a tetragonal crvstal structure (/-BaTiO,) at
room temperature that 1s denved by a displacive phase
transition from a high temperature ( > 120 °C), nonpolar-
1zable, paraelectnic state with the cubic, perovskite-type
lattice structure.' The polarization axis of ¢-BaTiO, is
along the {001) or ¢ direction.

Recent interest in BaTiO, thin films for use in nonvol-
atile ferroelectric memory devices requires fabncating the
material in the tetragonal phase. Deposition by sputtening
a pressed powder BaTiO, target in Ar or Ar/O, discharges
had previously been attempted for this purposc.:" but
t-BaTiO, grew consistently oniy on substrates heated to
»500°C, with one exception: Mansingh and Kumar re-
cently produced ¢-BaTiC, on a 200 °C substrate using an
Ar-209 O, discharge.® In general, however, an amorphous
or poorly crystallized structure was produced on unheated
substrates, or even on heated substrates after the target had
been sputtered for a pentod of time. Changes in irget
chemistry due to aging, in particular reduction. were sus-
pected. Here, we report the growth of 1-BaTiO, on un-
heated substrates from a pressed powder BaTiO, target
and an rf-excited Ne discharge. For companson, amor-
phous BaTiO, was also produced, using an Ar discharge.

Films were grown in a planar diode sputter deposition
system. The target was a 12.7-cm-diam, hot-pressed
BaTiO, ceramic disk of 99.9% purity bonded to a water-
cooled stainless-steel cathode. Depositions were made at
— 1.0 kV peak-to-peak cathode voltage, with a grounded
anode and a 5 cm anode-cathode spacing. Films (denoted
by an unpnimed letter) were grown on uv-visible transpar-
ent Suprasil I1 fused silica flats, and (denoted by a pnmed
letter) on IR-transparent, high resistuvity (111)-cut silicon
rounds. After a tnple solvent clean.’ the substrates were
placed on a water-cooled Cu pailet that had been prewi-
ously coated with ~ {0 nm of BaTiO, to prevent backsput-
tenng of Cu and its incorporation into the growing film.

3048 J. Appi. Phys. 71 (8), 15 March 1992
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The chamber was evacuated to a base pressure of
6.66x 10~° Pa (5x 10~ " Torr). throttled. and backfilled
10 an operating pressure of 1.33 Pa'(1x10~?% Torr).
99.996% Ne or 99.999% Ar was used as the sputtening
gas. The total gas pressure was measured with a capaci-
tance manometer. Gas was introduced into the chamber at
a flow rate of 20 sccm. With a shutter covenng the anode,
the target was presputtered for 20 min with the rare gas
used for the deposition, to allow the target surface chem-
istry to equilibrate. Films A and A’ were deposited in Ne at
a power level of 325 W. Films B and B’ were deposited in
Ar at a power level of 200 W.

Optical emission spectrometry'® was used for in situ
sputter deposition discharge diagnostics, in order to exam-
ine the extent of BaTiQ, target dissociation due to the
sputtering process. An optical spectrometer with 1200 and
2300 groove/mm holographic graungs capable of 0.5 A
resolution in the near ultraviolet to near infrared spectrum
was used to sample radiation of wavelength 4 emtted be-
tween the anode and cathode through an opuicai window.
The optical emission intensity /(4) of radiative electronic
transitions of excited neutral metal atoms to ground state
were monitored at the following wavelengths: for Ba,
4= 3501 A in Ar and 5535 A in Ne; for Ti. A = 3956 A in
Ar and 3642 A n Ne.'' In addition. for the purposes of
calibration an Ar line at 4702 A and a Ne line at 3472 A
were monitored. Assuming the condition of an optically
thin plasma tn local thermal equilibnum, /(4) 1s propor-
tional to the number of ground state metal atoms in the
discharge.'?

Film thickness was determined using a Tencor Alpha
Step model 200 profilometer to measure the height of a step
produced by masking a region of the substrate duning dep-
osition. Growth rate was determined by dividing thickness
by deposition time. Film A was 580 nm thick and depos-
ited at a rate of 3 nm/min. Film B was 662 nm thick and
deposited at a ate of |1 nm/min. The crystallography of
films A and P was determined by double-angie x-ray dif-
fraction (XRD) using CuKa radiation (A = 1.5418 A).

© 1992 Amencan institute of Physics 3045
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FIG. | X-.ray diffraction patterns for (a) t-BaTiO, film A and (b)
¢-BaTiO, film B

The diffractometer was calibrated using the {01.1} peak of
a quartz standard at 28 = 26.66+0.02° whose width was
0.25". A Nicolet model MX-1 FT IR spectrometer was
used to obtain the infrared transmission spectra of films A’
and B’. The instrument was calibrated using a polystyrene
standard 0 an accuracy of £4 cm ~ ! in the wave number
region of interest, 4004000 cm ~ ' (25.0-2.5 um).

Figure ! shows XRD patterns 1aken from filrus A and
B. Film A is 1-BaTi0,. Its XRD pattern consists of a major
peak at 28 = 413.5" atinbuted to {200 + 002} planes. Minor
peaks with relative intensity < 4% 2t 38.5° and 31.0° are
attnbuted to {111} and {110 + 101} pianes. respectively.
The wide peak centered at ~22° is due to diffraction from
{100 + 001} planes and fused silica substrate microcrys-
tallites. The relauve {110+ 101}: {111}: {200l
- {002}:{100 + 001} 1ntensity in buik -BaTiO, s
100:46:35:12. Film A, therefore, has a strong preferred
(100 + 001) texture. The XRD pattern of film B is iden-
ucal 1o that of the bare silica substrate, not shown in Fig.
1. Film B. therefore, has no long range crystallographic
order and 1s 1dentified as a-BaTiO;.

3046 <. Appl. Phys. voi. 71 No. 6, 15 Mareh 1992

Films A ard B are transparent and colorless in trans-
mutted visible hght. The infrared transmission spectra of
both films A and B show a major, featureless absorption
band centered at ~5{0cm ~ ' and extending from 450-620
cm "', charactenstic of short-range order in hulk
-BaTi0, "

I(A) data show that there was atomic Ti but no atomic
Ba sputtered from the target surface by the Ne discharge
used to produce -BaTiO, film A. However, both atomic
Ba and Ti were sputtered from the target surface by the Ar
discharge used to produce g-BaTiO, film B. A probable
source of free Ba atoms tn the plasma 1s the reduction of
BaTiO; at the target surface due to the sputtenng action of
Ar” ions. Ne, because of its lower momentum transfer
function to either Ba or Ti, would not be expected to be as
effective at dissociaung BaTiO, at the target surface. The
arnval to the substrate of metal atoms, as opposed to metal
bonded to O in molecular form dunng growth of other
oxides (yttna. zirconia, vandia, niobia, zinc oxide), has
been found to produce films with increased structural
disorder.'*? as we conclude 10 be the case here.

This work was supported under USARO Grant No.
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trols. Inc.. 1o the Wisconsin Disunguished Professorship of
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NANOCRYSTALLINE ALUMINUM NITRIDE: GROWTH BY
SPUTTER DEPOSITION, OPTICAL ABSORPTION, AND
CORROSION PROTECTION BEHAVIOR

C.R. Aita and WS. Tait
Matenals Depaniment and the Laboratory for Surface Studies
University of Wisconsin-Milwaukee
P.O. Box 784, Milwaukee Wisconsin 53201

(Accepted August 1992)

Abdstract—This paper reviews our work with low pressure reactive sputter deposition as a
viable method for producing nanocrystalline AIN Analuminumiargetandrare gas-N2discharges
were used 10 grow films on water-cooled <111>-Si, fused Si02, carbon ribbon, and 1008 steel
substrates. In situ optical emussion specirometry was used for real-time process monitoring. A
relanionship berween N2+ /Al flux 1o the substrate and nanocrystallite formation 1s presented. With
respect 1o film behavior, optical absorption was studied, and the near-ultraviolet fundamenial
absorption edge was modeled using the coherent potential approximation The optical band gap
was determined 10 be 5 50-5 64 eV, compared 106 18 eV for a “perfect. infinite-size” AIN crystal.
We also demonsirate the use of this material as an excellent self-sealing corrosion protection
coaring for steel

I. INTRODUCTION

Physical sputter deposition at high pressure (~ 100 miorr) is used to produce nanocrystalline
metals and metallic composite films (1). A metal target 1s sputtered in a rase gas discharge. The
mean free path of sputtered species at this pressure 15 <0.5 mm, two orders of magnitude smaller
than a typical target-substrate spacing of S cm. Cotlisions that produce nanosize clusters of
sputtered atoms in the discharge are therefore possible. The clusicrs condense intact on a cold
substrate (2). forming a nanocrysualline film.

High pressure physical sputter deposition from a ceramic target has also been used to
produce nanocrystalline ceramic films (3). As in the case of low pressure sputter deposition, some
degree of dissociation of the ceramic target surface will in general occur (4). and the matenal
collected at the substrate will be metal-nch (3). Subsequent annealing. an addibonal process step
with the nsk of crystallite growth, must then be undenaken to produce stoichiometry.

By judicious choice of process parameters. reacuve sputter deposiuon from a metal target
at low pressure (~10 mtorr), a process that 1s normally used 1o grow films with larger crystallue
s1ze. will produce nanocrystalline high valency ceramics. as well. The mechanism, howe ver. is not
cluster formation wn the discharge and subsequent “freezing " of these clusters on the substrate. The
mean free path of sputtered species s S mm at 10 mtorr, too long to produce the required number
of collistons for cluster formation. Instead. nanocrystallimity occurs by clustenng on the substrate.
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as a part of Lhe phase formation sequ-nce from metal 10 ceramic as the reacuive gas content of the
discharge 1s increased.

When a metal (M) target is sputtered in a rare gas discharge containing increasing amounts
of reactive gas, e.g. 02 or N2, the generalized phase formation sequence at the substrate is as
follows: M doped with O or N (M:0O or M:N) -> M-suboxide(s) or M-subratride(s) -> high valency
M-oxide or M-nitnide. In some metal-oxide and metal-nitride systems, the first scructural form of
the high valency phase in the above sequence is nanocrystalline. This effect has been vbserved for
several sputter deposited ceramics including ZrO?2, where nanocrystallinity is accompanied by
stabilizaton of a high temperature polymorph (5) to be discussed in a future paper, and AIN (6-
10). surveyed here. :

The outline of this paper is as follows. The experimental details of nanocrystailine AIN film
growth are presented in Sec. 11. Film characteristics including optical behavior are given in Sec.
111. A practical application for nanocrystalline AIN, as a “self-sealing™ corrosion protection film
(11-13) on steel. is demonstrated ia Sec. IV, followed by a brief conclusion in Sec. V.

0. FILM GROWTH

A radio frequency diode apparatus was used for film growth. A 99.9995% pure aluminum
target was thermally bonded (o the water-cooled stainless steel cathode and sputtered in rare gas-
N2 discharges. as dewailed in Refs 6, 7. and 9. Films wese grown on <111>-Si, suprasil fused SiO2.
carbon foil. and polished 1008 steel substrates. The substraies were placed in thermal contact with
the water-cooled (15 °C) copper anode. The target-substrate spacing was S cm. The chamber
pressure before backfilling with the sputtering gas was ~10-7 torr and the total working discharge
pressure was 10 mtorr.

Two presputters preceded each deposition, during which time the substrates were shutiered
from the sputtered flux. The first presputier was carried out in Ar and its purpose was (0 rcmove
the oxide layer formed on the target surface upon air-exposure (6). If this step is omitted. the fiim
thatis uitimately deposited will be an aluminum oxynitride with unreproducible chemistry (8). The
second presputter, carmied out 1 the gas composition used to deposit the film, allows ume for
discharge and target reacuions (0 reach dynamic equilibrium. Both presputters were momitored in
situ using either optical emission spectrometry (9) or glow discharge mass spectrometry (4.6). The
time required for each presputter was determined from these measurements. and was typically
< | hr. After the presputters were completed. the shutter was opened and a film was deposited.

The diagram shown in Fig. | was obtained by varying the nominal chemistry of Ar-Ne-N2
discharges at a fixed cathode voltage of -1.7 kV. Similar “phase maps” indicating the region of
process parameter space in which a particular structure peevails were constructed for other values
of cathode voitage as well. These maps apply 0 growth on all of the substrate types used here. In
the regime of low surface diffusion and near unity sticking coefficient, the effect of different
nucleating surfaces is apparently minimal.

The general phase formaton sequence for sputter deposited aluminum-nitrogen tilms grown
near room temperature, mapped in Fig. 1. is as follows: <11 1>-onentation fcc Al —»muitiorientation
fcc Al:N—phase-separated (AL:N){.x+(AIN)x —nanocrystalline hcp AIN—smultiorientation hcp
AIN— <0001 >-orieniation hcp AIN. There are iwo equilibrium phases in the aluminum-nitrogen
system at standard temperature and pressure. fcc Al and hep wurntzite-type ALN. Sputter deposition
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5% No-{Neyx+Ar.x |}

Ne As

Figure 1. A phase map for the aluminum-nitrogen system sputier deposited on water-cooled
substrates using up 1o three components in the sputtering gas, Ar, Ne, and N2.
Cathode voitage = -1.7 kV, total pressure = 10 mtorr., <0001> = basal onentauon AIN,
mo = multiorientation AIN, n- = nanocrystalline AIN. (After Ref. 9)

1S a nonequilibnum process, which could produce phases and structures not predictable from
thermodymanic considerations. However, the above data does not support metastable phase
formation in the aluminum-nitrogen system.

Nanocrystalline AIN films were grown here using Ar-N2 and Ar-Ne-N2 discharges.
Although gas dynamics is beyond the scope of the present paper, it is important (0 understand the
effects of Ar and Ne on phase formation. Aluminum cannot be nitrided by ground state N2. N2+
in the discharge. however. dissociates upon impact with a solid surface 10 produce N (14) which
can nitnde aluminum. One way in which N2+ is created in the discharge is by Penning 1onization
(15). i.e. the gas phase collision of a ground state N2 molecule with a rare gas atom in a low-lying
metastable energy level. The energy requirement is that the metastable level of the rare gas atom
be greater than 15.58 eV. the ionization potential of N2. A meuwastable Ne atom 1s able 10 Penning
ionize N2 whereas metastable Ar cannot (4). The addition of Ne to an Ar plasma containing a small
amount of N2 vastly increases the N2+ ion flux 10 the substrate (16).

But how does the N2+ flux influence phase formation in the {iim? To answer, we used in
situoptical spectrometry ( 17) to monitor the emission intensity from electronically excited (*) N2+
and neutral aluminum atoms in the negative glow region of the discharge. The emission intensity
ratio [IN2+°(3914A)/1{A1*(3961 A)} is shown in Fig. 2 (9) as a function of the nominal sputtering
gas N2 content. Stoichiometnc AIN (nanocrystalline, multionentation, or <0001>-onentation) is

—
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{ormed when [[N2+°(3914 A)1{AI*(396! A))1209. Thisrauoss mac hine-specific, but correlation
with dual 10n beam deposiion data or the aluminum-mtrogen system (18) allows us 1o equate it
with an amval {lux of one N2+ molecule (or every two Al atoms. L¢.. 3 umity rauo of NJAL. N/ Al

0.0 (A)
wl oo S

w |/ \D\Ctpg
LN 3 /,, E

10

D _ 5,/5’ ]
s 2.0 |- “’ E
= | AKX >
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Z T 0 w %0 ) 100 E
. Gas % N2 *
n.l*
% (B)
12 p
0.8 \v/‘ 41
0.8 Vo (3
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0.0 PN NI W TR S | L1 Y1 - 0
) 2 0 ) u o
Gas %Ar

Fig. 2. The rauo of optical emission intensiues from the Voo band head of the N2+ {B—+X |
wransition at 3914 A and the AIO (45— 3p] transstion at 3961 A as a funcuon of a) gas N2 con-
tent in Ar-N? and Ne-N? discharges. and b) gas As content in 5% N2-Ne-Ar discharges. Cath-
ode voltage = -1.7 kV. \o1al pressure = 10 mtorr. Blackened symbols represent nanocrystalhne

AIN (After Ref. 9). Right side ordinate scale marks N/AL atomic flux.
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rauo is shown on a second ordinate scaie «n Fig. 2. From these data. it can be seen that
nanocrystalline AIN is formed when the N/Al ratio at the substrate is close to unaty, i.¢. al' amving
N2+ is consumed by the growing film. Increasing the N/AI ratio shifts the phase 1 ,rmation
sequence towards <0001>-AlN. Based on this data, it can be seen that it is not practical (o try 1o
grow nanocrystalline AIN using Ne-N2 discharges. The window for its production. Ne discharges
containing greater than O and less than 5% N2, is toc small for good process control,

O1. FILM CHARACTERISTICS
Structural and chemucal

The double-angle x-ray diffraction (XRD) pattern of a ~ | m-thick fum grown on <1{i>-Si
in 70% Ar-30% N2 gas is shown in Fig. 3a (7). Broad. weak peaks corresponding to diffraction
from({1010}. (0002}, and {1011} AIN planes are present. In addition. there is a featureless
background that nises at lower angle. A long ime exposure, cylindrical camera pattern of the same
film (Fig. 3b) shows arcs corresponding to weak reflections from the above-mentioned ALN lattice
planes. These XRD patterns are representative of all of the nanocrystailine AIN films studied here,
and are characteristic of a material with small crystallites + regions of poorly-defined crysta'
structure. For comparison, the XRD patterns of 2 <0001>-AIN film of the same thickness is shown
in Figs. 3c and d.

Figure 4 is a transmission electron micrograph showing the nanoscale structure and
boundary network of a film grown on carbon ribbon using a 95%(NeQ 8+ Ar(.2)- 5%N2 discharge.

The fiims were examined (as a marter of routine without regard for their nanocrystallinity)
by traditional spectroscopic lechniques that yield information about average chemistry and
aluminum-nitrogen coordination. X-ray photoelectron (XPS) and Auger electron spectroscopy
(AES) of films on <111>-Si, and Rutherford backscattening spectroscopy of films on carbon
ribbon, showed that nanocrystailine ALN is stoichiometric within the accuracy of the measurement.
XPS core electron binding energy and AES kinetic energy spectra showed that aluminum-nitrogen
coordination was characteristic of the tetrahedrai bonding in wuntzite-type hep AIN. However,
these techniques are not useful for probing bonding in the crystallite boundary region. Future work
will involve specific spectroscopics for this purpose.

Optical

Opucal behavior near the fundamental absorpuon edge of a disordered wide band gap
semiconductor. such as nanocrystalline AIN, can differ from its ordered counterpart (the perfect.
infinite-size or “virtual” crystal) in several ways. including edge broadening and the formation of
discrete intraband absorption states (19). Nanoc, ystalline AIN films are visually transparent and
colorless in transmitted light. Near UV-visible-vear [R optical transmsttance and reflectance of
films grown on fused silica was measured by spectrophotometery. The absorption coefficient. a.
was calculated from these data and is shown in Fi3. 5a as a function of incident photon energy. E
(10).

The onset of the fundamenial opical absorption edge 1s at ~4 ¢ V. The shape of the edge was
modeled using the coherent potential approximation with Gaussian site disorder (20) introducced
in the valence and conduction bands of a virtual crystal with parabolic band edges and an energy

——
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XRD Rel I. x 20
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32 kT 36 38 40
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< 20, deg

Figure 3. A double-angle XRD pauem of a) nanocrystalline AIN and
¢) <0001>-AIN on <111> Si; a cylindrical camera pattem of b) nanocrystalline AIN and
d) <0001>-AIN on <111>-Si. (From Ref. 7)

band gap. Eg. The value of Eg was determined graphically as shown in Fig. Sb and found equal

106.18 ¢V. in agreement with data for epitaxial <0001>- AIN grown at high temperature on sapphire
@n.

A general expression (applicable 10 ail AIN) retating the inverse slope of the absorpuonedge.
Eg, and the oprical band gap, Ex. of the matenal was denved:

Ex=6.18¢eV -23Eg. h
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Figure 4. A transmission electron micrograph showing the nanoscale structure and
boundary network of a nanocrystalline film grown on carbon nbbon.

Ex was found torange from 5.5010 5.64 eV. Arelative disorder parameter, defined as (Eo) 1/2(22).
enabled comparnison of films grown under different conditions. Equation (1) was recently used by
other investigators (23) working with nanocrystalline AIN.

In addition to edge broadening, discrete intragap states associated with nanocrystallinity
were identificd. These states were responsible for the low energy shoulder that occurs between 4-
5eV, as seen in Fig. Sa. What remains 0 be done is 1o correlate these states, as well as optical edge
broadening, with specific electronic defects that are a consequence of struciural disorder at
crystailite boundaries.

IV. CORROSION PROTECTION BEHAVIOR

We will next summarize experiments 0 determine the corrosion protection behavior of
nanocrystalline films on 1008 steel (11-13). Data for other types of films will also be presented for
comparison, including Al:N and composite Al:N+nanocrystalline (n-)AIN with different values of
clectical resistivity. The films were grown using 95%(Arx+Nej.x)-5% N2 discharges. with values
of x given in Table .

TABLE |
Growth Parameters Thickness [d] Resistivity (p]. and Structure
Film 3 d [ Structured
{Arx+Ney_x] (pumj [u€2cm]
A 0.20 14 b n-AIN
B 025 1.1 219 Al:N+n-AiN
C 0.30 11 84 AL:Na+n-AIN
D 050 14 7 AN

1) - = nanocrystalline. b) nonconductor p 2 ufd<m. p of Al =2 8 uQd-cm.
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Figure S. a) The optical absorption coefficient, @, as a function of the incident photon
energy. E. for sputter deposited nanocrystalline AIN on fused silica: b) Curves AA’ and
BB are the best fit 10 the data shown in Fig. 5a jor films grown at -1.1 and -1.7 kV,
respectively. The band gap of the virtual crystal is determined by the value of E
at which Curves A and B intersect, Eg = 6.18 eV. (From Ref. 10)
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Elecrochemical measurements were made by using the film+steel sampie as the test
clectrode 1n a Model K47 EG&G Princeton Applied Rescarch corrosion cell. The electrolytic
solution was 02-purged 0.2M KCl. Test electrodes were equilibrated in solution for 24h prior to
cathodic polanzation, described next.

The overall corrosion reaction of interest here is,

Fe + 2H+ = Fe+2 + Ha, (#3)]

and the cathodic (half-cell) electrode reaction is the reduction of H* 10ns that are formed by the
dissociation of water in the electrolyte,

2H* + 2e- 9H2 3)

The open circuit potential of the cell is Vo, For reference, Vo for Fe and Al is equal 10 -660
and -1882 mV respectively (26), therefore galvanic action between these metals is possible. The
relationship between reaction current, I, and overpotential, V-Vo, is given by the Butler-"'olmer
cquation (25). Cathodic polanization curves were obtained by applying an increasingly negative
overpotential to the test electrode until -250 mV from Vo was reached. The cathodic polarization
curves were extrapolated to Vo to obtain the steady state corrosion current [, as detatled in Ref.
(1.

lo is a measure of the steady state corrosion rate for the test electrode, and is used here as the
parameter with which 1o compare the corrosion rate of the coated steel. lo for an uncoated steel
electrode is equal to values beiween 4.1 and 5.5 pA/em2. L for an uncoated commercial grade 1100
Al electrode is equal to 3.0 pA/cm2.

Tat'e 2 records values of Vo and lg obtained for the n-AIN, AL:N and composite (ilms.
Comparing the values of 1, it can be seen that the four films represent a wide range of corrosion
behavior. I is lowest for n-AIN (film A), increases more than an order of magnitude for AL:N+n-
AlN (films B and C), and over two orders of magnitude for AL:N (film D). Figure 6 shows Ig as
afunction of resistivity, p, for conducting films B, C.and D. [t can be seen that lg increases linearly
with decreasing p.

We wanted 10 study the chemisty of the corrosion process for n-AlN-coated steel as a
function of time so that a mode! could be developed. Electrolyte pH values were determined as a
function of exposure time of film A to KCl, using a Beci:man Altex model pHi 43 pH meter. pH

TABLE 2
The Open Cirzuit Potential (Vo] and the Exchange Current Density
{lo) of Aluminum-Nitrogen Films on Steel

Film Vo (mV] lo (pA/em2)
A R P%) 0.09
B -150 2.10
c -675 6.30
D -666 9.90




278 Asta anp Tart

measurements were made at daily intervals for 7 days. Surface hydroxide formed at the elecurolyte-
film interface. increasing the OH- concentration in the electrolyte by the following reaction (12):

AIN + 4H20 — AI(OH)3 + NH4+ + OH-. 4)

The electrolyte OH- concentration increased by an order of magnitude from its initial value after
containing film A for 2 days, after which the OH" concentration remained constant.

XPS was used to determine changes in film surface chemistry that accompanied corrosion.
Table 3 lists the binding energy of N 15 Ai 2p, O Is and Fe 2p 112-372 core photoelectron peaks from
films A (n-AlIN} and D (AL:N) before and afier exposure to electrolyte for 7 days. A comparison
shows that after KCl exposure:

1) Fe was present on the surface of film D and bonded to O in some form, probably as a
hydroxide (27), and absent from the surface of film A. Fe-hydroxide is produced from Fe+2, a
cofrosion reaction product. as follows:

Fe+2 + 20H: — Fe(OH)2. ¢)]

2) The amount of N on the surface of film A was greatly reduced, and the amount of O was
increased, indicating that oxidizing changes occurred in the outermost layer of the n-AlIN film after
exposure to the electrolyte.

The physical aspects of the corrosion process of bare stcel in contact with an electrolytic
solution can be summarized in five stops:

1. H* amives from solution and is adsorbed on the steel surface.

2. Ht*ad combines with an electron {rom the sieel 0 form a neutral adsorbed hydro-

gen atom, Had.

3. Two Had atoms combine to torm a H2ad molecule.

4. Many, n. H)ad molecules combine to form a nH2ad bubble.

5. The nH2ad bubble desorbs from the steel surface.

The fact that Fe was not present on the surface of n-AIN-coated steei (film A) and was present
on the surface of Al:N-coated steel (film D) supponts Lo data showing the capability of n-AlN to
inhibit the basic corrosion reaction given by Eq. (2). We propose that the n-AIN film specificaily
inhibits Step 2 by being a bammier to H+ad diffusion to the underlying steel. It is also likely that the

TABLE 3
X-ray Photoelectron Spectroscopy Data for Nanocrystalline AIN and AN
Before and After Exposure to Electrolyte

Binding Energy (0.2 ¢V)

Film Condiuon Alp Nis Ols Fe2pin Fe2pin
A.n-AIN  as-grown 734 396.2 S314 no peaks

A.n-AIN  KCl 739 . 5318 nupeaks

D. AN as-grown 733 3969 5311 no peake,

D. AN KCl 139 396.3 5315 7104 723.7
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amount of H* adsorbed on the surface of n-AIN will be less than H+ adsorbed on bare steel (8, 28,
29).

The question now arises as to whether n-AlN is inert or is itself changed by exposure to
electrolyte. Solution pH measurements show an initial increase in the amount of OH- in the
electrolyte as a result of contact with n-AlN, suggesti..4 that AIN reacts with water in the electrolyte
via Eq. (4). The Al-hydroxide that forms “seals” the n-AIN film, and consequently protects the
underlylng steel from corrosion, after which no further change in solution pH is observed.

XPS data show an increass in the amount of Al bonded to O and a decrease in the amount
of Al bonded to N at the surface of the film after exposure 1o electrolyte, consistent with the
coaversion of AIN to AI(OH)3. According to the above model, any intemal surface in the film such
as a pore, fissure, or pin-hole or nanocrystailite boundary that is exposed 1o electrolyte will also
self-seal. This phenomenon, shematically drawn in Fig. 7, was observed to occur (12).

Aluminum, a material that is traditionally used as a protective coating for steel, or for that
matter, another metal, might also seif-seal by forming a hydroxide. However, if internal surfaces
exist in the film such that the electrolyte comes into contact with the steel substrate, a galvanic
action will be established before seif-sealing occurs provided that Vg values for the metal and steel
are different (30).

Inadditiontodifferences in Vo another critenion for galvanic corrosion is that electromigration
from the film to the steel must be possible. Electromigration is not possible in insulating n-AlIN.
Figure 6, which shows the linear decrease of lg with increasing electrical resistivily for the
conducting films B, C, and D, gives additional supporting evidence of the supenior behavior of an
electrically insulating material for corrosion protection.

10
% 8
< 6
=
o 4
2
1 1
0 100 200
p [uQ-cm]

Figure 6. The exchange current density. lo. as a function of resistivity. p,
for ALl:N and Al:N+ n-AIN films on steel. (From Ref. 12)
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ELECTROLYTE

INTERNAL SURFACE

Figure 7. The n-AlIN film as a self-sealing porous electrode. (From Ref. 12)

V. SUMMARY

We reviewed the growth of nanocrystailine AIN by low pressuse reactive sputter deposition
using an Al target and Ar-Ne-N2 and Ar-N2 discharges and presented a phase map showing the gas
composition range over which this material was formed. /a situ optical emission spectrometry was
usd for discharge monitoring and erabled us (0 relate tl.e ratio of the N2+/Al flux to the substrate
to nanocrystalline AIN growth,

With respect to optical behaviox, the position and shape of the near-uitraviolet fundamental
absorption edge of nanocrystalline AIN on fused silica was determined from transmission and
reflect.on measurements. The onset of the edge was at —4 eV. The absorpuon cocfficient as a
function of energy was modeled using the coherent potenual approximauon with Gaussian site
disorder in the vaience and conduction bands. The optical band gap was caiculated from this data
ard found to raige from $.50-5.64 eV, comnared 106.18 eV for a perfect “infinite-size " AIN crystal.

The comrosion behavior of nanocrystailine AIN-coated steel was also reviewed. The
corrosion rate for nanocrystalline AIN-coated steel was several orders of magnitude lower than for
uncoated steel. A self-sealing porous electrode model of corrosion protection was proposed to
explain this result. This model applies to any film material that fulfills tw requirements: 1) there
must be a (thermodynamic) driving force for the film (o react wit H2Y to form a self-sealing
hydoxide: 2) thare must »e no electromigration from the {ilm to the steel. so that no galvanic acon
precedes self-sealing. Nanocrystalline ceramics are especially attractive for corrosion p.otection
applications because of the amount of active internal surface area available for hydroxide
formation.




NANOCAYSTALLME ALuswuss NiTRIOE 281

ACKNOWLLEDGEMENTS

The authors acknowledge fruttful discussions with Prof. G.S. Baker. This work was

supported under US ARO Grant Nos. DAAG29-84-K-0126 and DAAL03-89-K 0022, and by gifts
from Johnson Controls. Inc. and Schunk Graphite Technology. WST was supported in partby S.C.
Johnson and Son.

~ -

halb ol o

—go®uoa

- o

16.
17.
18.
19.
20.

23
24.
25.

REFERENCES

G.M. Chow and A S. Edelstein, Nanostruct. Mater. 1, 107 (1992).

D.M. Cox, B.Kessler, P. Fayet, W. Eberhardt, Z. Fu, D. Sondemcher, R. Sherwood. and
A. Kaidor, Nariostruct. Mater. 1, 161 (1992).

R.S. Averback, H.J. Hofler, H. Hahn, and J.C. Logas, Nanostruct. Mater. 1, 173 (1992).

C.R. Aita, J. Vac. Sci. Technol. A 3, 625 (1985).

C.-K. Kwok and C.R. Aita, J.Vac. Sci. Technol. A 7, 1235 (1989); J. Appl. Phys. 66,
2756 (1989); C R. Aita and C.-K. Kwok, J. Amer. Ceram. Soc. 73, 3209 (1990).

C.R. Auta, J. Appl. Phvs. 53, 1807-1808 (1982).

C.R.Aitaand CJ. Gawlak, J. Vac. Sci. Technol. A 1, 403 (1983).

J.A. Kovacich, J. Kasperkiewicz, D. Lichtman, and C.R. Aita, J. Appl. Phys. 55, 2935 (1984).
J.R. Siettmann and C. R. Aita, J. Vac. Sci. Technol. A 6.1712 (1988).

C.R. Aita, C.J.G. Kubiak, and F.Y.H. Stuh, J. Appl Phys. 66, 4360 (1989).

W.S. Tait, C.O. Huber, B.C. Begnoche, J.R. Siettmann, and C.R. Aita, J. Vac. Sci. Technol. A
6,924 (1988).

W.S. Tait and C.R. Aita, Corrosion 46,115 (1990).

W.S. Tait and C.R Aita, Surface Eng. 7, 327 (1991).

H.F. Winters, D.E. Horne, and E.E. Donaldson, J. Chem. Phys. 41, 2733 (1966); H.F. Winters
and Eric Kay. . Appl. Phys. 38, 3928 (1967). H.F. Winters, J. Chem. Phys. 44, 1472 (1969);
H.F. Winters and D.E. Home, Surf. Sci. 24, 587 (1971).

See for example: C.R. Aita and M.E. Marhic, J. Vac. Sci. Techol. A, 1, 69 (1982), and
references within.

J.R. Siettmann, MS Thesis, U. Wisconsin-Miiwaukee, 1987.

J.E. Greene, J. Vac. Sc1. Technol. 1S, 1718 (1978).

J.M.E. Harper, J.J. Cuomo, and H.T.G. Hentzeil, Appl. Phys. Len. 43, 547 (1983).

1. Hamberg and C.G. Granqwist, J. Appl Phys. 60, R123 (1986).

G.D. Cody, 1n nd

Part B, Opucal Properties , eduedbyll Pankove (Academ:c Orlmdo FL l9&$)pp 1. 79
WM. Yim, EJ. Swfko, PJ. Zanzucchi, J.1. Pankove, M. Ettenberg, and S.L. Gilbert, J.
Appl. Phys. 44,292 (1973).

S. Abe and Y. Toyczawa, J. Phy. Soc. Jpn. 50, 2185 (1981).

R. Zarwasch, E. Rille, and H.K. Pulker, J. Appl. Phys. 71, 5275 (1992).

A.J. Bard and L. K. Faulkner, Elecirochemucal Methods: Fundamentals and Appiications.
(Wiley and Sons, New York, NY, 1980) p. 103.

K.E. Heusler and W.J. Lorentz, in Standard Potentials in Aqueous Soluion. ( edited by A.J.
Bard, R. Parsons, and J. Jordon, Dekker, New York, NY, 1985) p. 407 .
C.D. Wagner, WM. Riggs, L.E. Davis, .F. Mouider, and G.E. Muilenberg, Handbook of X-ray

Photoelectron Spectroscopy, (Perkin- Elmer, Eden Praine. MN, 1978). pp. 76-77
CJ.G. Kubiak, C.R. Ana, F S. Hickemell, and S.J. Joseph. Proc. Mater. Res. Soc. 47,75
(1385).




<82 Asva an0 Tarr

-

29. CJG Kubiak, C.R. A NC. Tran.and TL Barm, Proc. Mater. Res Soc. 60, 379 (1986).

0. R.A.Anderson, E.A Dobisz, J H Perepezko. R E Thomas, and J.D. Wiley, in  [he Chemusuy
and Physics of Rapidly Sol:dified Matenals (edited by BJ. Berkowiz and R.O Scauer-
good, AIME, Warrendale, PA, 1983) p. 111,




